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JAMES FURMAN KEMP 


From Adelplii Academy m Brooklyn to Amherst College, and 
fiom Amherst to Columbia School of Mines, encompasses the form- 
ative pciiod in the early tiaining of the late Professor James P'ur- 
man Kemp In these several institutions a keen appieciation of the 
SCI lous interests of life was developed, and he came undei the inspii- 
ing guidance of two of the most distinguished teachers of geologic 
science in that gcnciation, — PiofessorB K Kmeison of Amheist, 
and Di John S Ncwbei ly of Columbia At Amhcist his lare gift 
for science was soon discovered and a friendship with I'lmerson 
began which gicw only stronger with time It was undoubtedly 
this cxpeiicnce that led to his decision to become a mining engineer 
At Columbia, wheic this purpose was pursued, he soon atti acted 
the attention of Di Newbeiiy, who made him his peisonal assist- 
ant, and ultimately, aftei an additional shoit pciiod of teaching at 
Coinell, nominated him as his own succcssoi 

Thus he became head of the Depaitment of Geology at Colum- 
bia, a position filled with great distinction over a peiiod of forty 
ycais. I'his was an eminently foitunatc turn of affaiis both foi 
him and foi the Univcisity, foi it falls to the lot of few men to fit 
so pcifectly into the complex duties of such a position 

It was in these eaily yeais of his teaching, while he was giving 
his whole effoit to this seivice, that he wiotc the textbook entitled 
The Oic Deposils of the Untied Sidles and Canada, first issued m 
I 8q3, a pioneer in the field of economic geology Three years latei 
the very helpful guide known as the Handbook of Rotks was pub- 
lished It was probably the most widely used book of its kind for 
a generation — useful alike to the student in the laboratory and the 
searcher in the field, to both trained and unti ained men Under his 
tieatment, rocks became more than mere stones or lists of names 
One soon came to appreciate that rocks came into existence under 
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the contiol of undcisfjiml.iblc laws, that they aie all iclated in un- 
derstandable ways, and that each one has a hie histoiy that anyone 
who knows how may read 

These two books together spread Ihofessor Kemp’s fame as a 
tcachei But his leputation for enthusiastic leseauh m his chosen 
held had alti acted even more attention Piobably no Ameiicun 
geologist was moie fasoiably known abioad Ills contiihutions 
weie largely in the field of economic geology, ami it was the still 
more specialistic held of oie deposits that claimed Ins best efloit 
thioughout his life 

'I'here was a time, following upon the appeaiame of ceitain im- 
portant contiibutions to geological piinciples belie \ed then to domi- 
nate in the relation of meteoiic wateis to the oiigin ol oies ol the 
metals, when confidence m igneous souices was at a low ebb, and 
thcie was much live discussion In this contioveisv I’lolessoi 
Kemp took an active pait, and his disci imination and keen insight 
showed to fine advantage Ills delense oi volcanism in this con- 
nection soon gained foimidable suppoit 

He did rnoie than any othei man ol his time to win a it sponsi- 
ble place foi geology in the ^allcd needs ol a gieat city hoi many 
yeai s he was an ad\ isoi y consultant loi the City ol New Voik, and 
in later yeais his sei vices weie in gieat demand on huge public 
woiks 'riius, by foi ce ol ciicurnstancts, unsought but well tamed, 
he came to be geneially legaidcd as the outstanding icpicscntatnc 
of geology as an apiilicd science 

Ihofessoi Kemp was bom with a gilt ol itady speech and an 
unusually keen sense ol liumoi, which togcthei contiibuted matc- 
iially to a successlul hie I Iis ability was outstanding, and to this 
backgiound was added bioad knowledge and h\e intcicst in many 
fields He was an ideal teachei lie was himsell an inspiiation 
He was loyal and absolutely I an, and his genius lot ii ic ndhnc ss 
and genet osity was supieme lie believed in the (iolden Rule and 
piactised it He believed in Chiistian piinciples and leaned on 
them 'I'o him they weie as sound and dependable as the lock 
foundations of the Jsaith 
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NOTE TO SIXTH EDITION 


Scvcial developments in lock study since the death of Professor 
Kemp in 1926 make it desirable to offer a sixth edition of his Hand- 
book of Rocki. The book is intended as a text for work without a 
polaiixing microscope, but some knowledge of general geology and 
mineialogy is pierequisite These subjects are only briefly re- 
viewed here, and if the student or reader is not prepared by work 
in the class room, he should undertake those courses by correspond- 
ence or by independent leading and study before he tries to classify 
1 ocks 

The main anangement of chapters of the book is hugely pre- 
sci ved in this edition, but all chapteis have been rewritten, and some 
changes in emphasis have been made The work of Piofessor 
Kemp himself has been used at several places, where it should be 
known by all students of locks The chapter on calculations in 
rock study has been much levised and extended Although the 
beginning student is not commonly able to make lock analyses, he 
should know something of the lesults of analyses, just as students 
in mineialogy know the compositions of mineials, and he should 
he able to make ceitain calculations and diagrams of lock composi- 
tions, (cxtuies, and othei featuies 

b 01 c most among the tcacheis of Rock Study to whom the 
icvisoi owes much is Doctoi Chailes P Beikcy, who suggested 
(lie levision and who contiilnitcs the memorial to Piofessor Kemp 
Ills suggestions and assistance have added mateiially to the quality 
of the woik These aie giatcfully acknowledged 

'flic ICVISOI lias made some use of the text and illustrations 
fiom his Pflto^/nipliy and Peholoejy and heic expi esses thanks to 
the publisheis, McGiaw-Hill Book Company, Incorpoi ated, for 
kind pel mission to make excel pts and use a number of cuts 

7 'he sections of the book on the oiigin of locks aie huger than 
in previous editions because, as Doctor Berkey writes, it is probably 
“impossible to get a feeling of mastery m the handling of rocks 
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without m.ikinj? .itqu.untaiue witli origins in enough detail to (.o\ei 
every impoitant piobability ’’ In the infinite vaiiety of loiks 
which confuse the student, “the difieiences that gi\e tioiible aie 
easily undei stood as expectable vaiiations if one has an adequate 
woiking pictuie of how sueh foimations aie made” 

Aglossaiy of teims used in adcanced petiology based on inicio- 
scopic and chemical woik is not needeil foi a student woiking on 
locks without a micioscope Neveitheless, in leading about locks 
he may cncountei the names and lose the sense unless he can find 
what class of locks is incheated. An abbieviated list of many such 
lock names is given bcfoie the index 

Two dcteiminativc tables aie gi\en m the book, one foi common 
mineials and one foi igneous locks 'I'hese may be helpful foi 
beginncis, but the best way to know locks is to ha\e seen them 
befoie I.aboiatoiy woik should be based on good collections of 
labelled specimens 

As a laboiatoiy exeicise, it is well to ie(]uiie students to icxoid 
on papei what stuictuies, tc'xtuies, and mincials tan be seen m a 
senes of specimens, by the eye and by use of a pocket lens Aftt i 
page 46 has been studictl and used, the lock name can be aihlctl, 
but the fundamental tiaining in tibsc nation is a fust ie(|iiiiem< nt 
Such exeicises should be gnen eailv anil lepcatcd in tin study of 
each of the thiee mam classes of lotks, and if time pc units, n- 
peatecl again on fieltl tiijis to outciops 01 giaccl pits and on cons 
and cuttings fiom chill holes 
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CHAPTER I 
INTRODUCTION 

Laboratory Methods, Rock-forrmng Mmerals, Principles of 
Classification, Criteria for the Main Classes 

A ro(k may be defined as anything that forms an essential part 
of the eaith Most locks aie composed of aggregates of minerals, 
hut theie aie two prominent exceptions, coal which is largely of 
01 game matciials that aie not mineials, and the natural glasses 
which cooled fiom lava so fast that no mineials formed In in- 
stances a single mincial foims a rock, but this is exceptional. By 
far the gicatei nuinhcr of masses of single minerals are in such 
small amounts that they cannot properly be considered rocks 
Rock-salt, ice, calcite, serpentine, cemented fiagments of quait/, 
kaolmite and a lew otheis aie in suflicient quantity, but the vast 
majoiity of locks consist of two or moie mineials 

'I he condition that a lock should foim an essential pait of the 
caitli IS intioduccd to bai out those minerals or aggregates, which, 
though impoitanl in themselves, are insignificant as cntciing into 
the mass ol the globe 'Plius the sulphide ores, while locally in 
considciahle quantity, when bioaclly viewed aie piactically negli- 
gible Yet the 1C aie mineials and aggiegatcs that may piopeily 
give use to diffcicnces of opinion ^’hc tollowing pages eri , it 
at all, on the side of demanding that the amount should be huge 
A lock must also have an individual ehaiactei, sufficient to 
establish its identity with satisfaetoiy shaipness The species can- 
not be maiked oil with the same definition as in plants, animals, oi 
mineials, and theie is heic again leasonable opportunity foi chf- 
feienees of opinion as to the limits which should be set, some 
admitting of finer distinctions and greater multiplicity of species 
than otheis Too great refinements and too minute subdivisions 
ought to be avoided 
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The determining conditions of species will be taken up at 
gi eater length, when the pichmmaues ol classihcation have been 
set forth, but it must be appieciated that the point of view is also 
a most impoitant factoi 'I'lius if one is studying the geology of 
a dibtiict with close accuiacy, and is tiacing the histoiy of its lotks 
with micioscopic detciminations, finei distinctions will natuially be 
diawn than those that suggest themselves to one who is engiged 
in ouhnaiy mining or engineeiing eiitei puses It is piimaiily foi 
the lattei class that these pages aie pitpaied and tliioughoiit the 
desciiptions and classifications heie given, the neccssaiy limitations 
and the pt actual needs of such obseiveis aie always kept in mind 
Textural and mineialogual distinctions aie used wheie easily visi- 
ble on a specimen, although nevei made contiadutoiy of piinciples 
of origin and classification which couhl he earned to gieatei length 
and subdivision 

Rocks embiace matter in a gieat vaiiety of stiuctiiics and 
conditions While in geneial we pictuie them to oui selves as solid, 
yet under the teinis of oui ilefinition, we h.u'e no logical light to 
bar out liquids or even gases 'riie physical condition may vaiy 
with ordinal y tempeiatuies 'Flius we cannot i eject .ce as an 
extiemely abundant and impoitant lock, and yet its solid condition 
results fiom watei with a modeiate loss of licat, and at oidiiiaiy 
temperatures the same molecules may be in a li(|uid oi gaseous 
state All that we know of volcanoes indicates that liciuid, molten 
magmas exist for long peiiods deep in the eaitli In gcncial, 
however, we think of locks as solid, and tlieiefoie gases and liquids 
will leceive no further attention 

In texture rocks may he loose and incoherent as in sand, giavel, 
volcanic dust and the like, oi they may be extiemely dense, haul 
and solid, as in countless f.imihar examples 'Fins solidity has its 
limitations, foi all observation and expeiience show that what aie 
apparently solid masses arc really broken up by multitudes of 
cracks into pieces of various sizes All quarries and mines have 
these cracks, and they may aid or annoy the operatois accoiding 
to the purposes of excavation They vfrill again be referred to at 
length Unless too deep within the earth, all rocks are also per- 
meated with minute pores and spaces that admit of the penetration 
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of w.itci and other fluids These arc impoitant factors in tcircs- 
tiial ciiculations 

The student should note that the terminology of the several 
sciences is somewhat overlapping, but in any one subject the tei ms 
aic faiily definite The substance of a puie sandstone (rock 
study) IS quartz (mineralogy), and silica or silicon dioxide, SiOjs 
(chemistry). It is wholly improper to call such a rock silica, 
because several other i ocks besides sandstone are made up of silica 

Gi!,NhRAL Geology of Rocks 

The study of gcneial geology should normally precede a care- 
ful stiuly of locks liven to those who have not had this general 
tiaining, howevei, the foimation of rocks is a matter of everyday 
observation The rain washes mud into lakes oi into rivers, which 
cany it towaid the sea The waves and cuirents of the sea sort 
and deposit the sands The forests and swamps deposit immense 
quantities of oi game i emains Glaciei s scour out great valleys and 
deposit moiaines of the debris Volcanoes pour out lava and scat- 
ter the fiagments from their explosions. All these visible and 
familial activities of geologic agents icsult in the formation of 
locks 

Nevertheless, when we study in detail the rocks produced by 
these visible pioccsscs, we find that they do not represent all the 
kinds of locks found in the ciust of the earth. The rocks that 
differ fiom them piobably originated deep in the eaith, wheie no 
human eye could watch then development. I he details of the 
piocess in paiticular cases can be estimated by long and careful 
study of the histoiy of the associated foimations and by laboiatoiy 
woik pioduting aitificial locks, but it should be cleaily undci stood 
that the processes aie infeiied and not observed A laigc poition 
of the rocks now visible at or near the surface of the earth acquiied 
their present general nature at great depths and came to light only 
after a long geologic time of uplift and erosion The proof that 
many igneous masses have once been liquid is found in the manner 
of their occurrence, penetrating fractures and enclosing blocks of 
their walls. 
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A statistical study of the locks exposed at the suifacc indicates 
that much o( the bedioclc neaiest the siuface has oii^mated by 
ti anspoi tation in water ami ileposition fiom suspension Almost 
thiee-fourths of the lock exposuies at the suiface me such sedi- 
ments. The rocks foimed by the action ol watei, theiefoie, de- 
serve a piominent place in rock study. 

A diffeient point ol view, howevei, is obtained fiom a study of 
the stiuctuie ol the caith’s ciust — the “ciust” beinji; defined as an 
outer layer of the eaith appioxnnately lo miles thick 'I'his ciust 
has at most places only a thin layei of sediments, if any, and the 
undeilyinji; locks are larfjely those foimed by the cooling of a hot 
liquid, the “munma,” such as the deep-seated liipiid supplyinj? the 
lava for volcanoes It is estimated that the pi opoi turns of locks 
in the crust aie veiy close to the following 

Pi I 1 1 at 


Kidin laai'Oia <iS 

iMiita '.(iliiiunt.in laud I 

I'liiia seilimint.in sand 07s 

I'Kiin till caliaiiiius liaid paits at mi'anisins o >s 


Some locks of each of these gioups may be altcicd so that they 
are best classified as mctamoiphic All the otlui locks toj^cthii 
constitute an msip;mluant fiaction of the whole ciust, and so tlic 
dominance of the fust f^Ioup justifies the emphasis usually placed 
upon it 'I'he maifmatie pioducts should lo)j[icalK be taken up fust, 
also, because othei locks aie laijfcdy dciiccd fiom them, and be- 
cause many ene depeisits aic 1 elated tei the map;mas fiemi which 
these locks foim 

bull) W'l) LAn()R.\i<)R\ Mmuods on Rocks 

Field and laboiatoiy woik on locks commonly emphasi/es 
stiuctuies and textuies moie than mineials and classification 
couise in lock study cannot be c'xtended to covei all the stiuctuies, 
but a few notes me needed Some rock outciops me massive, with 
no plane 01 linc'ar featuics, but these me moic rate than has been 
supposed Most locks have mteinal structuial featuies which 
can be mapped in the field and which have (iioved of gicat value 
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in interpretation No student of rocks should be satisfied until 
able to map a variety of field structures Nearly all who have 
had any instruction in geology are familiar with the dip and strike 
of rocks, and the common methods of mapping them. The sym- 
bols used should differ for primary structuies and those seen in 
metamorphii rocks Some method should be used also to distin- 
guish the plane stiuctures of bedding, flow layers, joints, faults, and 
dikei 

To these should be added a record of linear features in a rock 
These had not been recorded foi very many lock exposures until 
some work by Hans Cloos lesulted in very interesting conclusions ’ 
If the allow is omitted from the symbol for dip (as it can be with- 
out loss of claiity) the position of linear features may well be 
shown by an anow, either with the dip and strike, or separately 
'Flic direction of the airow should show the linear featuie pro- 
jected to the hoiizontal plane, and the head of the aiiow may be 
maiked with a figure to show the angle of the Iineai featuie from 
tlie hoii 7 ontal It should be noted that lineai features commonly 
he in the plane of foliation, but that at only a few plates do tlit 
lines coincide with the direction of dip of the foliation Ste 
iMg 1 

In Igneous locks the hne*u stiuctuics commonly indicate the 
diiection of maximum lengthening of the mass dining solidification 
III mctamoiphic rocks, the interpretation is still a subject of dis- 
cussion (See page 218 ) 

When field woik does not suffice for the lecognition of a lock, 
01 when the field is to be lepresented by a display of mateiials, the 
geologist commonly collects specimens The fiist lecjuircment of 
a specimen is that it should show the nature of the mateiud in the 
outciop as well as possible Oidinaiily it is possible to do this 
and also to turn the specimen to a neat si/e, about 3X4'^* 
inches The wStudent should piactise with the tiimming hammei 

' Hans Cloos hinfuh unsf tn du Gioloffiv (in Lthibiich eld inncin 
Dynamik Gebiiukr Bointiacgci, Kjsb 

J K Kemp Niw Mdhods tn th( Study of Chanitn Intiusn'is Fco- 
nomic Geology, volume 20, pages S97-6oi, 192^ 

Robert Balk Structural Behavior of Igneous Rods Geological Society 
of America, Memoir 6, 1937 
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until Ins specimens have clean broken faces and are not too irregular 
oi too much bruised by the hammer 

If, as distinct from a specimen, a sample is needed for quanti- 
tative woik, the sampling may well be done by cutting a channel 
oi taking a senes of chips at arbitrary distances and mixing the 
mateiial •* Ileie also a good deal of practise with a hammer helps 
the student to do good woik at sampling, perhaps most skill is 
needed when the sample is to be taken from dull core, — with 
piactice many coics can be split in half lengthwise 

Jsveiy student of locks should cany and constantly use a pocket 
lens, because many of the identifying or characteristic features of 
locks aie veiy small and aie best seen with a lens. If a shop or 
laboi atoi y is available, it may also be i ecommended that a binocular 
micioscope be added to the equipment for routine examination. 
'File lens and binocular simply show details that might be missed 
otheiwise, and do not involve the use of optical methods that 
lequiic special micioscopes and tiaining in then use. After veiy 
hncf piactice, locks in small grains such as the cuttings from chum 
dulls aie iccogni/ecl thiough the lenses almost as definitely as in 
laigei hand specimens. 

'riieie aie few laboi atoiy observations in use in the study of 
locks, beyond those alieady familiar to the student in the pie- 
lecpiisite mmcialogy (cleteirnination of haidness, color, luster, 
si leak, siicciiic giavity, foims, cleavage, fractuie, magnetism, taste, 
ocioi, c Heels ol walci and leagents, and effects of heat), except 
ihosc invoUiiig use ol the polaii/ing micioscope To make a thin 
seclion and examine it unelci a polaii/mg micioscope takes some 
limiis, and to make a chemical analysis seveial clays This book 
IS conceiiKel with moie lapid methods, though some pioblcms 
leeiuiie the moie detailed study I'lieie aie a few of the min- 
cialogie methods, howevei, which aie modified in rock study and 
a fc'W’ new methods aie to be noted 

Rocks aie commonly mixtuies of mineials, and their hardness 
cannot he tested satisfactoiily by Moh’s scale fiom i to lo A 

•* K K (bout Roik Snmplm^ fo 7 Clidimal Analyu\ American Journal 
of Seumec, volume 24, pages 394-404, i <)\2 
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mixture of biotitc (II 2) and quait/ (II 7) cannot be said 
to have a hardness of 2 or of 7 Most dcsciiptions note the 
coheiencc with about five giades in geneial teiins, such as, (nahlr, 
loo\t’ly lemenled, nu’diinii, tn/irtfnl, fintily n'tnfntfd '1 he chai- 
ncter of the lock is lelated to biittleness and toughness, peihaps 
as mucli as to hardness Caieful tests can he made of “lesistance 
to wear” by laboratoiy appaiatus such as that used foi testing 
load matciials, but most geologists can estimate tlie live giades 
above noted hy the use of a hammei and knife 

It IS vciy important to distinguish cleaily the haidness ol a 
lock fiom the haidness of the mineials in it A sandstone made 
up of quait/ giains may he so loosely cemented that it is much 
more fnablc than a dolomite witli giains of the same si/e 1 'a- 
perienccd miiiei alogists use coriect methods m testing such gian- 
ular mineials and the student of locks should aciiuaint himself 
with them 'I'lie lule is to identity the mineials hy testing the 
haidness of the giains, not that ol the lock 'I'his is done h> 
sciatching standaid test mineials with the lock, not hy sciatching 
the lock with the contiol 01 standaid A knife blade (II h), 
a coin (II 3), and the thumh nail (11 2' ) aie good suhsti- 

tutes and oidiiiaiily sufluicnt In the example pist cited, soil 
sandstone picssed against a knife blade will sciatih the steel, 
wild c as the iiioie coheiciit dolomite will not 

Magnetic mineials aic detected in loeks h\ use ol a pc i mane nt 
magnet, conveniently the knife used in testing haidness 

In specific giavity tests, the lew laie notably heaw 01 notahls 
light locks can he distinguished hy tossing the spctimeiis 111 the 
hand In the common lange fiom 2 6 to ^ 2, the dilleieiKes ,11 e 
detected hy that method only hy those who have hail expeiuiue 
and acquiied skill A balance is laiely used, paitly because most 
lock specimens aie too huge to fit the common minei alogie al bal- 
ance III well ecjuiiiped laboi atones siiecial lock halaiucs aie 
available 

Colors of locks aie peihaps less constant and charactei istic 
than well known vaiiable colois of mineials Colois may he ac- 
curately described hy lefeience to Ridgway’s Coloi Chait 01 an 
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Abstract of it ■' piepaied especially for use of students of sediments. 
The streak is obtained chiefly by scratching with a knife 

Blowpipe tests are only rarely used in the study of rocks and 
rock minerals. Fusibility may help to identify some particular 
mineials, and may serve to determine whethei a clay is refractory 
or easily melted Heat tests may also affect the color, and give 
off characteiistic odois from sediments 

The icagents most often applied in testing rocks for identifica- 
tion and description are water and hydrochloiic acid In water, 
salt will dissolve and can be detected by tasting, many clays slake 
and become plastic, and bentonite swells (page 155) and forms a 
milky suspension Water is also used in panning out heavy min- 
erals, and sorting clay, silt, and sand by washing Dilute cold 
hydi ochloric acid causes calcite to effervesce, but dolomite effer- 
vesces in dilute acid only when heated The student should be 
warned, liowcvei, that acid tests aie larely needed, and that acid 
injuics a specimen by foiming soluble salts that give a salty taste 
the next time the specimen is studied In lahaicoits rocks it is 
impoitant not only to know the fact of effeivescenee but, aftei 
cfleivesccnce ceases, to estimate how much of the oiiginal is left 
undissolved and something of its chaiactci. 

Seveial silicates give a silica jelly when evapoi ated in acid, and 
in the case of iicplii’lnu’, this is one of the best laboratory tests 
(P-IK*- 7^) 

A polished sill lace veiy often gives infoimation about a lock 
not so easily fouml m any othei way On the polished suifacc, 
itching and staining by chemical icagents may help in mineial 
idintification, ' hut such woik is most often done in connection 
with mole elaboiatc micioscopic study 

Till' Ciii'Mic’M ImI'MI'NIS Imi'oriani in Rocks 

'I he chemical elements ically impoitant m rocks are compaia- 
tively few, and are those which are most widespread in nature 

'M I Ooldman and H F Mciwin Color Chat t fot Field De^iripUon 
of Sidiintntaiv Roik\ Div of GcoIokv and Geography, National Research 
Council, 1028 

* Gussow, W C Trans Royal Society of Canada, 1937, IV, page 133 



10 


IN'IRODUC'I ION 


(^nc of the most rcluiblc estimates in that of h'. W Claikc ami 
IIS Washington in Piolcssional Papci 127 oi tlic U S (icologi- 
tal Survey, p H) 19^4- Analyses of all the aciessihle teiiestiial 
matter, including the an ami the ocean, have been used 'Plie avei- 
age composition of the igneous lotks has fust been detei mined, 
next that of the sedimentaiy locks. Sime the metainoiphie locks 
represent eithei igneous 01 sedimentaiy oiiginals, they do not call 
for special treatment 'Phe aveiage comjxisition of the ocean ami 
that of the atmospheie have been computed In the final aveiage 
the locky ciust is ci edited with 9^ pei cent, and the wateis with 
7 pel cent, both m lound lumibeis since the atmospheie is hut 
o 03 per cent of the total 


Oxygtn 


M igiu Slum 


Sulphui 

•" s 

Silicon 


I n 

M KK 

H iriuin 

IMS 

Muminimi 

7 

I itaniiiiti 

1 1 s H 

I^luotinc 


1 1 on 

4 

C hlonm 

M It) 

Nitiopi n 

... ^ 

Ciilcium 

\ VI 

Ph<>s|>h(»ius 

t> 1 : 

C hiointuii) 


Sotlium 


C irhon 

1 1 t 

/ill on 

.. » 


X 

M toy uu S( 

. .H 

lol il 

1 


It IS of inteiest to leinaik that of all the common imtals, 
useful in the aits, only alummuin, non, manganese, and chioniiuni 
appear in the table 

I'heie IS gooil giound foi Inbev mg that towaid the cenfii ol 
the cMitli the nietalhc elements become much mou abundant and 
that neai the centei some aic m excess, hut these mieieiues, how- 
cvei vvell-hase“d, eoncein mateiials fai heyoml actual cxpciience, 
and of no gieat moment in this hamlhook 

Rot'K-KlKMINe, MiNI'RM.S 

'Phe chemical elements above cited aie comhinc'd, except jun haps 
in volcanic glasses and ceitain colloids, in the definite compounds 
which foini mineial species These compounds change, moie or 
less, in the com sc of time, undei the action of various natuial 
agents, chief of which are watei, caibonic acid and oxygen, but at 
any particulai stage, however complex the rock may be, it is made 
up of definite chemical compounds, though we may not be able to 
recognize them all. 
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Elements — giaphite, sulphur, copper 
Sulphides — pyute, pyirhotite 
Haloid — halite 

Oxides — quart/;, chalcedony, corundum, hematite, ilmenite, mag- 
netite. 

Hydioiis oxide 1 — limonite 
Caibonales — calcite, dolomite, sideiite 
Sulphates — gypsum, anhydrite 
Siluales — Feldspai group, orthoclase, plagioclases 
Feldspathoids, nepheline, leucite 
Pyroxene group, augitc, hypersthene 
Amphibole group, actmolite, hornblende 
Mica group, muscovite, biotite 

Olivine, gainet, tourmaline, epidote, andalusite, stauiolite, 
chloiite, talc, kaolinite, serpentine, veolites 

In Igneous locks which are taken up first because they are the 
sources of others the groups of silicates are of first importance 
'J'he following discussion by groups is intended not as a textbook 
in mineralogy, but as a review, emphasizing the composition and 
lelative impoitance 

The Feldspars'* are silicates of 'aluminum and an alkali or 
alkaline eaith metal or both All have similai physical propeitics 
and then distinction is a mattei of close obseivation They aie 
dividcil foi hand specimen study into two groups, the orthodase 
gioup (including and the phu/todase gioup fiom albitc 

to anoitliite Intel mediate between these two gioups are i da- 
tively few feldspai s, but much of the oithoclase and microcline has 
an intei growth of albitc foiming pctlhilc. This is raiely de- 
tected without the micioscope but may be seen 'in the feldspar of 
coarse pegmatiles as iiiegular wavy stieaks. Peithite may be in- 
cluded with the oithoclase group 

The oithoclase group is chiefly KA1 Si,Oh Several pei cent 
of NajO may entei without visible effects in hand specimens The 
clear oithoclase with glassy luster, in the later volcanic rocks is 
called samdine Gieen amazonstone, microcline, can rarely be 

° Spelled felspar m England 
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seen in locks except in coaise pcfiinatites, ami when inii iodine is 
not gieen, it so leseinhles oitiiodase that no ilistimtion is com- 
monly made witliout tlie micioscope. 

'I'he plagioclase feldspais einhiace a pi actually unbioken senes 
fiom pure socliuin-ahimiiuiin silicate in aUntc, NaAlSi.O,, to puie 
calcium-aliiminuni silicate, tiiioflhilr, CaAl.Si O, Vaiious mi\- 
tuies of these two molecules ffive the intei mediate spec us 1 tac- 
tically in ordinaiy woik we aie foiced to the distinctions ol oitho- 
clase and plagioclasc, leaving the details to niici oscopic, chemical, 


(If 



I<1( 2 — of (h( I inK< in (onipoMtion oi the t (uninint fcldspiis, m tciins oi 

tilt oithodast, illntt, iiitl iiitiiiliKt iiitilctultH Oiihotlist uul tiiKUMliiif till ni 
fitltl I, aiul pliKiotlast in Initl ^ I ht inutli It ss toinnion iiioithiM I isc md 
piithiti lit III fit Id », uul \(i\ it\% Ik 111 fit Id ^ ( Miti Mliii),*’ ind Wiiuhtll ) 

Ol careful specific f^iavity cleteiminations, hut of coiiisc evpciicncc 
and familial ity with the ji;eneial chaiactcis and assoc i.itions ol 
minei als in rocks often enables one to deteimine \civ closely the 
minor vaiieties We would natuially look foi oithoclase, albite, 
and oligoclasc in acidic locks oi those hifj;h in silica, while in basic 
locks wc would expect labradoiite and bytownite 

All the feldspais have veiy similar crystal foims when these 
aie developed, as they occasionally are in locks If they ate small 
and irregulaily bounded, cleavage faces should be sought out and 



ROCK-FORMING MINERALS 


13 


cxtimincd with a pocket lens. It is interesting to note that it is 
chiefly in igneous i ocks that we obtain crystals uniformly developed 
on all sides, for in a fused magma they grow without a fixed support 


I Am I oi Imidspar Moiicuies or Common Rocks 



Monoclimc 

I riclinic 

Symbol 

KAlSnOk 

OI thoe last 

microclinc 

Or 

NaAlSiA 

(lart) 

albitc 

Ab 

C iAIjSijOk 


anorthitL 

An 


The plaj>;i()Llasts include intti mediate members, distinf);uislud by chemical 
or optical woik, which may he given foimiilas as if the symbols were foi 
chemical elc‘ments Oligoclasi Ab„„An,„ to Aby^An,,,, Andesinc Ab^^An „ 
to Abr,„An,„, I.abiadoiite Ab,„Anr,o to Abj^An^,,, Bytownitc Ab^jAn^^ to 

AbjijAiijjo 

Adv^inced woik may find othei methods of grouping feldspars ()i- 
thoelase and alhite aic silicic oi acidic or alkalic feldspais in contiast with 
labM(loiit( and bytownitc, which aie basic oi calcic With this contiast 
the iindcsine is medium No such icfinement is attempted without mieio- 
scopic 01 chemical w'oik, but since it is common piacticc the student should 
know the meaning of the tcims, and uali/e that many pctiogiaphcis feel 
that albitc and oithochise aic not veiy eliffeicnt, one has sodium and the 
othei potassium, but they have about the same silicon and aluminum On 
the otlui hand the b<isie plagioelases an not only low' in silicon but high 
in e. lie mm, which is veiy dilieient tiom sodium and potassium 


Distinction of 


Oithoelase f/ow Plagioelase 

Stnatdl on basal clt,iv,ige faces 
Lath like oi platy 


1 Not stii.ited 

2 Stubb\ ci\stals 
^ Mesh colon d 

4 Pcaily to ehalk> lustei, lanly 
vitreous (sanieliru) 

With epiait/ anel bieititc in light 
ceilened locks 


White to giay 
Vitieous to pcaily lustei 

With augitc anel olivine in dark locks 


'Miesc distinctions aie aiianged m oidei of impoitance or 
dependability. If the slnatton appears, no peculiaiity of foim. 
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coloi, or lustiM sIiouUl be siifiKient to i.ist doubt on the laet tl>.it 
tlic feldspar is plaguKlase In the abseiue of stiiations tlie foiin 
IS moie dependable than the coloi, lustei, oi assouation, but all 
should be consideied 

It IS espeiially notewoithy that if two feldspais sule by side 
show diffeient lolois, one is likely to be plajjioilase, the othei 
oithodnse, also that (piait/ locks eominonly have associated oitho- 
clasc and pla^rioclase, but claik locks may have j^iay pla^ioclase 
without any oithoclase 

The feldspais aie the most impoitant mmeials in the classifica- 
tion of Igneous locks (page 46), but the seveial fei 1 oinagnesian 
mineials closely follow them, and give a loughly {laiallel seiics 
(page 38) 

The Feld spell honJ'i aie a gioup of mineials containing the same 
elements as feldspais, but analysis show a smallei pciccntagc of 
silica Then physical piopeities aie not ceiy difliiciit fiom those 
of felcispai, but they aie peihaps moie soluble, and ciystalh/c in 
moie syminetiical foims IS'ipheline and It tittle aie the chief 
membeis, and they appeal in only about oni-tinth pei cent of the 
Igneous locks Nepheline loninionly foims blockv lusagonal 
piisms, with basal pmacoid tc iminations, so that \eitiial cioss sec- 
tions aie lectangulai It is a sodium aluminum silicate (Na, K) 
AlSiO,, in which some of the sodium is “pioxied” by potassium It 
may be lecogni/ed in home locks by its foim, but the identification 
IS helped by its gieasy histei, by its weathiiing moie lapielly than 
the feldspais which aie usually associated, and by its gelatini/ation 
on evapoiation m acid. Nepheline in oldei locks was foinieily 
known as claeohte 

Leucitc IS an isometiic silicate, KAlSi.O,,, with a little sodium 
icphicing pait of the potassium. It is a salt of metasiluic and, 
HjSiO,, like the pyroxenes and arnphibolcs. It appeals as loik- 
niaking mineial in the igneous rocks of several localities Melilile 
18 an extremely basic, calcium-aluminum silicate, Ca,.Al,Si„f),«, and 
appears in a few raie basalts. Reference may also be made to 
sodaltie, noselile, and haievnite which are occasionally met, but 
which are seen chiefly by work with a microscope. 
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Each of the common faromagnesian minerals embraces a senes 
in isomorphous iclations Their distinctions are commonly easy 
except that hornblende and aiigtle are much alike Most olivine is 
in yellow green, glassy grains about a sixteenth of an inch across 
and when scatteied in dark locks, is not easily recognized without 
a lens and good light If weatheied brown, it may be more leadily 
identified Biotiie has commonly a brownish black color and is 
much softer than the lest of the group, — a pm point easily digs 
into the tiny grains This leaves the two black, hard, cleavable 
minerals for further study 

Pyroxenes and Am pinholes may be described together. Each 
embraces a senes of compounds of similar chemical composition, 
differing a little in physical and optical properties. As the table 
shows, they lange from magnesium silicate through a series of 
calcium-magnesium silicates, which may hold some iron and alu- 
minum, to an cxtieme that is a sodium-iron silicate. 

PyroMtu Amphibdt 

ORIHORIIOMBIC (>R()UP 

I-nstatitt, MgSiO, Anthophyllitc, (Mg, l<t)7(On),Sis0.i 

Hion/iit 

I lypcrsthciiL, (Mg, I<c)Si()j 

MONOCIINIC cwioi'r 

Diopsidt , C iMgSi Ofl Iiimolirt, C a.Mg,(On).Si„(') . 

ALtinolitL, C i>(Mg, I'c) 

fc .(M«J'.)S.()„ 

\C i(Mb, l'c)('\l, Ih)MSi(), llornhli ii.lt, 

ft i.(Mg, I't),M(()l I).AISi,0 
\N.iC u(Mg, la),AI(()IlJ Al.SioO. 

Auiutt, NaI.cS. O, I (a,,,,.„acli.ng .c.n.u) 

Among the orthoihombic pyroxenes ens tattle has least of the 
the molecule FeSiO,, i e , FeO less than 5 per cent, btonzite has 
moic than 5 and less than 14 per cent, hypersthene has still higher 
percentages of I'cO, giving it a darkci color The oithoihombic 
pyioxencs aie much less common than the monoclinic, and are not 
easily distinguished without microscopic work, except that the 
bronzitc may have a characteristic brown color. 
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The lifjht-coloicd rnonoclinic pyiovencs aic almost pure caluurn- 
magnesiurn silicates, and aie called (Itapsidr. 'I hey au* lonunon in 
ciystalline limestones, and less common in the tiaihytc ami andesite 
clans 'riie duel rock-makinji; pyioxcncs aic tiu daik aluminous, 
fcriuginous ones, which aie called atu/iit*, and these aie anuniji*: the 
most important of all daik mineials When pinacoulal cleavaj^es 
appeal in addition to the piismatic ones in pvi<»venes, tluv aie 
called (Iiallai/c. I'hc nepheline locks ncli in soda contain utmur, 
the soda-pyi oxene 

^riie rnonoclinic amphiholrs aie closely paiallel in tiuii ouui- 
icnce and lelations to the pyioxenes. Tiemolite is met in ciystaU 
line limestones Jitmohti* may loim sihistose lotks by itstll, hut 
much the most impoitant vaiiety is hat nhlrndv, the hlatk aluminous 
mineial coi lespondinK to au^ite '1 he siuhc ampIiihoUs, aihcdso- 
nite and glaucophane, aie laie 

Distinction of 


Aui»ito 

I Crystals stubln, H sidnl 
i CI(Mvae;e andi luai oo“ 

{ Dull, sulniK tallu 

4 Black to blown 

5 With plai>;i<H las( and oluinc 

daik loiks 


ffom Hoinbhndt 

Cnstals in ncidlis o ided 
( 'h a\ ie< inph ru it > 

*'Silk\*’ lusti i 
B1 M k to pn ( n 

in With (iithnilic and (juol/ in li dit 

ildoKil Kukt 


^J'hc pyioxcnes ami ainphihohs ait olttn tollttti\il\ ititiiiii 
to as victasiluaifs (page iS) It is nottwoitln that man\ blast 
fuinacc slags aie calculatctl on the basis ol tIu loimulas foi 
py I oxene 

Ohvifir is a silicate of magnesium ami non ( Mg, I*t ) Si( ),, ami 
occiiis in lew locks except basic igneous locks 

77/e Mt((i (houp ernhiaces isomoi phous scuts of some tom- 
plcxity liiotitCf the daik mica, is much the comrnontst m lotks, 
and entcis into the classification in an impoitant way It giailts 
fiom the light coloied extreme, phlot/opitr with magnesium and 
little non, to the veiy tlaik, non-rich Irpidomvlane Musiovtte is 
a potassium mica with veiy little nun and magnesium. It has the 
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same constituents as orthoclase with water added It is wide- 
spread in granites, pegmatites, and schists 

This completes the list of silicates which are of the first older 
of importance in igneous rocks. Zircon and sphene are micro- 
scopic accessoi les of wide occurrence but are seldom visible to the 
naked eye Tourmaline and otheis are fairly common in pegma- 
tites 

Along the lonlaili of intrusions of heated igneous rocks, and 
in legions where the original sediments have undergone strong 
dynamic distuibances, with oftentimes attendant circulation of 
waters more or less heated, a series of characteristic silicates is 
developed, — garnet, tourmaline, topaz, andalu\tte, icapohte, ky- 
anile, stlhmaniie, slant oltle, biohte, muscovite, and cordierile 
Some details of the development and associations of these are given 
in the discussion of metamoiphic rocks Epidote lesults when hot 
wateis attack feldspais and fei lo-magnesian silicates in proximity, 
so that tlic solutions may icact on one another 

I'he hycliatcd silicates of chief impoitance include a magnesian 
senes, embracing talc and set penline, which result from the ferro- 
magnesian mmcials, a feriuginous aluminous scries, with much 
lion oxide, usually collectively called ililottle, and finally kaolinile, 
the hydiatcd silicate of alumina that is yielded chiefly by feldspais 
Zc olites also aic common, but lather as vein fillings and in amygda- 
loiilal cacilics than as impoitant lock makcis 

'1 Ik oxides iiulude quait/ and its i elated mmeials, chalcedonv 
and opal (and tiulviiiite and oisiohalite deteimined by micioscope 
aiul \-iay), anti the oxitles of non — mai/iietite and hematite, anti 
the hytliatcd oxitles in a niixtuic called hmonite Magnetite and 
hcinatite aie at places abundant enough to constitute locks them- 
sehes Magnetite is the most widespicad of all the rock-making 
mmeials Limonite is an alteration pioduct Chromite is prac- 
tically limited to the basic igneous locks and their seipentinous 
dciivatives Ilmenile is a common accessory in many igneous 
1 ocks 

'rile caibonatcs, calc it e, dolomite, and stdeule are common in 
sediments The sulphates of moment are anhvdnte and gypsum, 
the latter the hydrous, the foimer the anhydrous salt of calcium 
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'I'iie one chloiulc is the soiliuin cliloiule, io(k salt oi htilitr, .imi 
the one phosphate is rtpalite, whicli is a caUiuin phosphate anil 
halide, laicly in giains lai^e enoufjh to be seen without a miiio- 
scope 'I'lie two hiilpliuics of non, pvnlc and pvnhotttf arc the 
only ones sufliiicntly widcspicad to deseive mention Gtaphttc is 
the chief lepiesentatise ol the elemental y suhstarues, aIthou}{h 
native sulphur and native loppei mip;ht peihaps with piopiiety he 
added 

CiRoirpiNiJS Ol Mimirms 

We speak of mineials as essential and atiessof^, meaning:; by 
the foimer teiin those that lonstitute a laine pait ot the loik, and 
that must be mentioned in the dehnition, by the lattei those that 
aie in small amounts oi that aie moie or less foituitous 

Prtmaty mmeials aie those that dati back to the 011^111 of the 
lotk as magma solidifies, setontlai\ mintials aie foimul by ihi 
alteiation of the pimiaty aftei the magma has solidified hild- 
spais, pyioxene and hoinhleiule aie gooil illust 1 ations of tin 
foimei, zeolites and kaolimte ol the lattei 

The common loik-foiming sihiatis have luen lonsnUitd salts 
of thice hypothetical siliuc amis, named 

()i thosiluii acid 1 l.SiO, 

Mctasilnic .icid ll,>Si(), 01 llSiO, 

'riisiliiu ami 1 1,S| () 

It IS notewoithy tliat foi a given amount of hydiogen (01 m tin 
case of salts, foi a given amount of mital) tlie oitho-silnatis have 
the least silica and tiisilnates the most siliia 'rinst aii imnh 
modified by isomoiphous substitutions, but the geneial idea is an 
aid to the memoiy 

'I'l isilicates with about 61;'/ silita Oithoilase, Albite 

Metasiheates with about silica I euiite, Amphiboles, 

I’yioxenes 

Oithosihcatcs with about 4?/<’ sdica Ncpheline, Olivine, («ai- 
nets, Anoithitc, Micas. 
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I n .ilicatc. 

S 

()i thosihcatcs 

MfctasiliCcitcs 


Or 

Ortho- 
clasc 
KAlSi jOfj 

Ah 

Alhitc 

NaAlSiA 

An 

AnorthitL 

CaAljiSi^On 

Ntphclinc 

NaAlSiO, 

Lcucitc 

KAlSiA 

Bron/itc. 

(Pyroxene) 

Antho- 

phyllite 

(Amjihihole) 

SiOj 

fi 4 7 

68 6 

M * 

4 ^? 0 


0 

00 

577 

Al/), 

1K4 


^6 8 

14 \ 


(heO) 1 1 0 

I? 2 

KiC) 

16 i) 


- 

— 

5 

(MgO) it) 7 

247 

Na,() 

— 

1 1 H 

- 

20 7 

— 

(AU),) IT 

(H.O) 2 4 


It IS also apparent from the table that in an igneous rock rich 
in silica one might expect quart/, but in a melt low in silica all the 
silica would combine with metals If nepheline, leucite, or olivine 
wcie melted with silica, it should be expected to leact by simple 
addition to foim feldspai, or pyioxene 


Ntplulint 

(Juait/ 

(Ju u r/ 

NaXlSiO, 

SiOj 

StO, 

I Liicite 
(jnart/ 

KAlSi^Ofl 

SiO 

Olivine 
(^uai t/ 

Mg»SiC^4 

SiO, 

AlbitL 

Na^ISi,()„ 

Ol tlioi 1 ISC 

K\1Si,Oh 

h nstatite 

2MgSiO» 


Nephehne, olivine and a few other minerals arc laicly found 
in locks which contain quai t/ The mmcials not found with quait/ 
m.iy he saul to be unsatu) tiled with silica, while those which aie 
capable ol gi owing horn magma in the picsence of an excess ol 
silica may he said to be satin tiled with silica Huis (juait/. and 
unsatiii atcil mincials aie incompatible in igneous locks 


Sal in til id Mnnnils 

Ihisatinatiil Alimtah 

Idsjiais 

Ntplulinc 

P\ lOXCIK S 

Ia iicite 

AinpliihoKs 

Olivine (tut pi fa>alitt) 

Mitas 

An.ilciiiK 

Map:n( titc 

Sotlalite Kn>up 

Split nc 

Cane unite 

'rouinialinc 

Pyrnpe 

FiiV.ilite 

Melilitc 

Spess.irtitc 

Corundum 

Alnunditc 
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An Igneous rock that contains only saturated minerals is a 
saturated rock With free quartz the rock is ovei saturated, and 
with some unsaturated minerals, it is an undersaturated rock 

Certain melts of saturated minerals like pyroxene may yield early 
ciystals of unsatuiated mineials, which leave the liquid enriched in silica, 
so that, if the eaily crystals do not react with the late liquid, quartz may 
fijiow fiom It Theie aie a few well known examples of diabases with 
eaily olivine and late quart/ 

A final giouping oi division of minerals is based largely on 
color and composition The light colored minerals aie chiefly feld- 
spais, feldspathoids and quaitz, which are compounds of silicon 
and aluminum These aie called felstc (fe for feldspar, / for 
lenads oi feldspathoids, and s for silica) In contiast to these, 
the daik mineials are coloied by iron compounds, commonly asso- 
ciated with magnesia. These are the fei romagnesian group, called 
nuifii loi shoit {)U£t for magnesia and / for iron). 

Princiimks Undpriying the Classification of Rocks 

Rocks aic classified in Older to place them m then natuial 
iclations so far as possible and to allow of then systematic study 
At the same time they are so diverse in then natuie and oiigin 


A'o/m on I'nhii 

iiul (lolomiu aic not easily ilistinjj;uishi d in the fuld oi liantl 
s|)(( 1111(11 (\c(|)t by t<sts with ,icid (p<il>:( q) 

( i\ P'lUin IS pdhaps i((()jj;ni/(d b\ /i< Id jj;(()lop:ists mostly by tlu odd ftdin^ 
ot huk ol bctwcin tlu tilth, this is ispiiiallv luidid in tlu idi ntifuation 
ot lin(-f»iain( (I loik j>;\psiim Jnhvdtiti is a littli liaiilti than gypsum, but 
till tw'o niiiu nils m.iy ouiii togitlui and taiisi tonfusion if tluy *iie fine- 
gi.unid To distinguisli fine .iiihyilutc from limestones, the cffcivesccnct ol 
limistonis in .lud is tlu hist tist 

Till ii\stal foinis appiai so commonly in garnet and staiiiolitc that othei 
tests «ii( less us( d 

Otliii niiniials iicogni/abli in hand specimens are so raie that they aie 
omitted in this table «m(l discussion If locks sliow piominent giams that 
do not fit those ol tlu table, consider as of piobable occuriemce , analcime, 
anilalusite, apatite, bion/ite, cassiteiitc, chalcopyrite, coidieiite, corundum, 
fluoiite, glaiicoplianes kyanite*, opal, prehnite, pyrrhotite, rutile, the sod^xlite 
group, sphene, topaz, ticmolite, wedlastonite, zircon 
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that tlic subject is not an easy one 'I'he\ must l»)\M\ei he 
gioupcil on tlie basis ol then stiuituies aiul textuies, oi ot their 
ininei alognal toinposition, ot ol then (.henmal lompusition, oi of 
their geological age, oi ol then inethoii ot genesis < )ne oi seseial 
of these jirinciples entei into all schemes On the basts ot the Inst, 
locks have been elassilieil as massnu’ ami as n\\lalltne 

und fttufmental oi tlaslu, each with siibdiMsions on one ot mine 
of the othei piineiples On the basis ot mineials we base had 
those with only one mineial (simple locks) ami those with seceial 
(complex rocks) 'I'he chemical composition as shown by a total 
analysis without legaid to special minetal components, is ot almost 
univeisal application in adsanced woik It is especially set sue - 
able m tbe study of igneous tocks and ot those highly caliaieous 
oi highly siliceous locks that aie deposited tiom solution 'I he 
piinciple of geological age was ten met!) much valued m connection 
with the Igneous locks, but it is almost completely ali.indomd 
'I'he piinciple of oiigin oi genesis is the most philosophical ot all 
as a tundamental basis, hut while it may he leadily applied to most 
locks theie aie some pu//ling mcmbiis whose entne geological 
history is not well umlei stood 

Veiy eaily in the development of the subject it was appicciatcd 
that theic weie two gieat, shat ply c out tasted gioups, accoidmg as 
the locks had consolidated and ci\stalli/cd tiom a molten condi- 
tion, OI had been deposited m vvatci eithei as mechanical ti.igmcnts 
or as chemiial piecipitates I wo giand divisions have thcielou 
been established, the igneous, on the one hand, and the ac|ueous on 
the othei Along with the acpieous locks aie included some de- 
posited by an and by lee to loiin a giouji called sedimcntaiy locks 
Mven a limited field espeiience soon convinces tbe ohstivei that 
theic aie many locks which cannot be le.idily placed with eithci 
of the two gieat classes whose oiigm is comjiaiatively simple 

Rocks foi instance may have the inmeials common to the ig- 
neous locks but stiuctuie.s that lesemhle those of sediments in 
watei (Ireat geological distuibariees, especially if of the natuie 
of a sheaiing sticss, may so ciush the mineials of any igneous lock 
and stietch them out in bands and layeis as to closely imitate a 
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recrystallized sediment The baking action of igneous intrusions 
on fine sediments, such as clays and muds, makes it difficult for an 
observer, without the aid of thin sections and a microscope, to 
say wheie the former sediment ends and the igneous rock begins. 
Sediments buiied at great depths and subjected to heat and hot 
water become recrystallized with their chemical elements in new 
combinations These excessively altered rocks are grouped into a 
separate, so-called “metamorphic” division, which is a sort of 
“omnibus” of unsolved geological problems. 

This metamorphic group is useful, but wheiever possible it is 
well to appreciate the true affinities of its members, some of which 
though altered are still lefeiable to their originals There is a 
lather strong tiend among lecent woikeis to describe and map as 
sedimentaiy locks those metamorphic rocks, especially quartzites, 
whose oiigin is known" If a sediment is altered and its origin 
IS not still cleaily determinable, the problem of classification may 
be avoided by calling it “bedded” oi “stratified ” 

In the following pages these thiee divisions will be adopted, 
hut the metamoiphic gioup will be reduced to a minimum by le- 
maiking in connection with descriptions of the unalteied rocks, 
the changes that igneous and sedimentaiy rocks undergo. 

We take up, therefoie, in this ordei 

A The Igneous Rocks 

B The Sedimentaiy Rocks. 

C The Metamoiphic Rocks 

For laboiatoiy piacticc, it is best to begin with rocks known 
to be Igneous, and later to add material fiom the othei classes. 
As the othei s aic added it becomes necessaiy to have methods of 
distinction of these thiee classes For most locks it is easy, on 
the basis of simple ciitcria, to determine this piimary classification, 
but anyone of long expeiience has found many specimens the pii- 
maiy classification of which is very difficult, requiring all the skill 
of experts in micioscopic and chemical tests 

*U S Geological Survey, Bulletins 814, 828, and 884, Folios 217, 223, 
and 22^, Professional Papers 148, 160, 169, 171, and 176 
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SoMK Criikria kor I)isnN(,i isniN(, h.NM-ors, Smhmi niarn \ni) 
Mi- I AMORIMIH R<H'KS 

I ous 

1 Intnlotktn^ S^aitn niosth luid loiks 

2 Cluii.ictciistK nuiuiiil t omposition N< phclitif, (»h\iiu*, (lnc»nut<*, 
IciKitc, ptMthitt* 

^ Massivi (Finnic i8) , iiicjiiilai shape, u)linnna! jdints (iMpuie -?«>), 
splu'roulal weatlu imjj;, onh lairh haiuled 

4 "lextuHs I’lassv, poiplnntic, aiin^ilatoulal, (diulai, oilmulai, dia’- 
basic, ^laphic, iinazohtu (a\iti(s, )j;ianit()ui 

5 in feldspai 

() KiKl()sin];{ jocks baked 

7 (iradation latei.dh into igneous jocks ddiniteU idnitdiable 

8 Foi Illation tians^i esses s(lustosit\ but seems influenced l» it 
<) No fossils 01 sti.ita 

l<) duller! boideis 

Si Atnn Hint v 

1 Sttatifuation (hi^ sO and suit mji, most U soft locks 

2 'lextuies 1 1 tiff mint (lit oolitic, pisolitu, pojous, lemloim, botiioulil, 
loundcd and sojte^l plains 

\ Wide late lal e \te nt 

4 'I he common locks, cla\, sandstone, limestone, and cod 
% Inteic alations with known sediments and pi ul itions te> them 1 ite i tit\ 

() Fossils 

7 (JiMit/ clue IK, oi calc Ite c lue fU , en luph m A1 () mineiaU, it sotl 

8 hoim.ition sliows maiked .emi lepolii dilteienees m composuiun 
<1 Foim.ition peisistenth follows fedds 

le) Mineiiils of cliemical and oipinic piecipitates Salts, jwpsuni, jd lu- 
conite, \ein mineials, elicit, and c.uhonates 

11 "Icxtiiial changes in hands lateialK and \eitualh 

12 ()iij>;inal textuies such as c loss beddinp, niudciaeks, npple miiks, 
foot-pj lilts 

n Not iisualK extremeh basic 
14 Concietions, septaiM, stalactites, cnists, etc 

l\f via mot phii 

1 Para/lflisrn of niineial i^iaiiis, ttiittltn kint; haid locks 

2 Secondatv tlvava^i independent of bedclmj^ 

? liandtng ( Fijjs 7<), 80 and 84 to 87), foliation, \</m/ou/v 
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4 Chaiactenstic minerals, staurolite, andalusite, garnet, wollastonite, 
grossulaiitc, trcmolite, kyanite, sillimanite, cordientc, zoisite, talc, etc 

5 Distorted pebbles, fossils, crystals, etc 

0 Granulation, augen, mortar and flaser structures hornfels textures 

7 Presence of graphite in quantity (say 5 per cent) 

8 Minerals as metacrysts (list, page 228) 

() Cieogiaphic and geologic position of outcrop (a) in deeply eroded 
known pie-Cambnan regions, (If) next to rocks that may have affected it, (() 
giading laterally into a recognizable metamorphic rock 

10 Rocks chiefly mica, chiefly chlorite, or hard rocks chiefly quartz or 
calcite 



CHAPTl-R II 


GENERAL INTRODUCTION TO IGNEOUS ROCKS. 
CLASSIFICATION 

Igneous locks aic founed by the cooling oi soliiiiiication of 
magma. Magma is a natiiial fluid in oi on the caitli, genet ally 
very hot, made up hugely of a mutual .solution of silicates, with 
some oxides and sulphides, and usually some watei and othei 
gases held in .solution by piessuie 

'riie Igneous locks aie tieated fust because they have been the 
oiigmals, accouhng to out best light, fiom which the othei s ha\e 
been diiectly or indiicctly deiived, eithei fiom the fiagnunts, as 
affoi dec! by their disintegiation, oi fiom the mincials and solutions, 
yielded by then alteiation 

I lie Igneous locks occui in dikes, sheets, Uinohths, bosses, and 
vast itieguhu bodies foi which we ha\e no single teim 1‘iag- 
mental locks foim snifote btds with little stiatifuation Dikes 
(spelled also dykes) have penetiated fissuits in othei lotks, and 
have solidified in them 'I hey theiefoie constitute elongatid and 
lelatnely naiiow bodies, of all si/es, fiom a fi action of an inch 
in thickness and a few feet in length, to othei s a thousand oi inoic 
feel acioss and miles in length Sheets aie bodies of ul.itiscly 
great lateial oi hoii/ontal extent, compaied with then thickness 
'I'hey aie cithei sin face flows which may be afteiwaids buiicd, oi 
sills intiudcd between othei .stiata Intiusive sheets that aie lo- 
cally thickened to lenses aie called laccoliths 'I'he famous lacco- 
lithic sill of Shonkin Sag, Montana, is about 200 feet thick and a 
mile wide Laccoliths of the type locality in .southeastern Nevada 
langc fiom about one-seventh to one-tenth as thick as they aic 
wide, and piobably most show some complexity, — faulting or lack 
of symmetiy. See Figuies 3 and 4 Roughly cyhndiical masses 
aie tailed necks, if there is evidence of thilhng in the conduit of 
a volcano, but such evidence is raicly conclusive. Irregular, pro- 

26 
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jecting, rounded bodies are called bosses The enormous masses 
of ciystalline locks like granite are called batholiths. They may 
be hundreds of square miles in area but are exposed in a variety of 
si/cs Those small masses i to’ 25 square miles in area, that re- 



Im< 3 — Sdumatic section showing itlations of intiusive fonns, stock, sill and 
laccolith la Plata Mountains, Coloiado (Attci h H lukcl ) 



hu, 4 — Stcieogiaphic sketch of Warm Springs laccolith (P), between sediments (J 
and K) 'I he creek (W) cuts a section through the laccolith showing flat floor 
and domed roof. (After W H Weed ) 
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scmblc batholitlis in niatcii.il ami oii(i[in aic stoik\. Batliolitlis 
Ihivc in most if not all instanics been uruoicicd only by lonji; cio- 
Sion, foi the name means ii lotk bclon}j;inn to the depths oI the 
caith. Intiiisive masses of vety inejjiilai loim aie lalled thono- 

luhs A laiye flooied intiusive 
that IS eentially sunken into the 
foim of ii basin is a lopohih 
Small dikes and extend- 

ing out horn :i liiij^e mass into 
Its walls aie <ipoph\\fs, it they 
follow the foliation ot a \iall 
I oik in thin iltkch’h, they loini 
Iil-piit-lit injt'dmu (fnn\u’\ It 
will he latei biout>;ht out that 
the ihaiaitei ot ouuiieiui, 
whethei as suitau flow, dike, 
sheet, OI hathohth, has an im- 
poitant inlluetue on lixtuK 

I);iu()us I oiks ai( toinmonU 
massne, as lonliastid with tin 
stiatiliid stiuituii ol till siili- 
mentaiy loiks, and tin fiiin 
massiM h.is bun iinpIoMd ,is a 
synonvnol ij^nious Otlui s\m- 
onymous turns an niiptut and 
tituxjcne, both meanin}i; that tin loiks ha\i lome up tiom hi low 
Many yeais a^o the distinition was madi hitwun those that 
have iiystalli/id dtep within the eaith, tin f>ltil(inh, and thosi 
that have been pound out on the sui f aie, the cdluinn 1 lu woids 
intiusive and ettusive oi extiusue have been einjiloveil m muih 
the s<ime way Between suifaie Hows and deip-seatul inassis 
(b.ithohths) eveiy textural jjiadation is to bt expeitul and is 
met, and some wiiteis have e\en fjone so fai as to est.ibhsh an 
mtermediate gioup foi loiks that have looleil as intiudid 
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Tk. 6 — I wo intiudcd sheets of andesite porphyry (3) near New Madrid, N M 
Modihed from D W Johnson 


siiccts «incl tlikes The intiusive rocks at moderate depths aie 
called liypcih\\sal, hut no distinctive names are here based on 
octuirencc The textures aie most satisfactory as a basis for 
classification, and the occurrence is only roughly indicated by the 
texture 


A small Kioup ot lupabyssal rocks with sugary textuie or sugiiry 
giouiKlniasscs aic distinguished in some schemes of classification, from the 
poiplniKs of moil abundant dikes Associated with certain stocks there 
an sug,ii\ dikes of two kinds, tlu moie siliceous ones are aphte^, and the 
moil hasR oius lampioph\’ns If the two were mixed in the right piopor- 
tions, tluv might yiild a composition like that of the stock in which they 
ail found, — tiny aie “complinuntaiy” dikes When this was first dis- 
loveiul soiiu nun pimpid to tin conclusion that the dikes had resulted 
fiom a splitting of the magma Tlu dikes were then classed as diaschistu 
(split m two) in contiast to the oidmaiy poiphyiy dikes which an 
(iHhntH (not split), but this is thcoietical and not a good basis ten 
teiniiiiolog\ 

We aic lending iiieiie and moic to employ the word stiuctuie 
foi tlic laigei fcatuies of a lock, while the smaller features which 
may he seen even on a small fiagment aie described as textuies 
The stiuituies of common igneous rocks (as distinct from 
stiatified seilimcnts) aie massive, but there aie some flow struc- 
tuies, and the almost universal joint systems Columnar joints 
appeal almost wholly in tabular igneous masses (Fig 29). Many 
basic flows have ellipsoidal 01 pillow structuies (Fig 30) Men- 
tion should also be made of inclusions of several kinds (Fig 17), 
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'1 Ills IS still tiiulrt uinsidrzation am! will piolulth In applud ilmtlv lu 
inuiDstnpii studies 'lilt aphtf ami tlnltiitr ait litic ilassttl a^ linr 
jL>[ianit()id 

Joliannscn ’ tliMtics tlio phanciitcs (f^iaiiittml lotks) into 


\'lt^ toaisi 
C'lliUsc 

Mt (liuin 
Imiu* 


altoM < nil 
! otii 
I to inni 
lidow i ttmi 


'^riic (listirution <it tilt scvttal glasst s, aiul tlit tlistiru tion ol 
sovcM*il p<)ipli\iitic tc\tui(*s aic ptihajis iiiou ti ouhit sniut to (lit 
stuticnt tlian others 'I o j^ain }ainiliaiit\ with tht j^lassts, it is 
piohahly lutcssaiy to woik with lahtllid s|)tum(iis 1 lit \ show 
such a \aii(t\ ol appt.iiaruts that no amount of tt\t t in st i \ t as 
well as hihoiatoiy (xpiiumt (hu mo^m/ts fuilitt, pumta, 
s( Of ami otiu is he t aust lu has st t n tin m lu Ion 

'I he poipliyiios in e lassilu ation (paj^t \()) an apliamtts, ili- 
vuleil into tliose* witli lt*ss than hall the nuk in plunomsts, .iml 
those with nioie tlian halt I he n an otht i poipliMitu nuks 
bcsitlcs these ])oiph\ius, liowesei It a |i>;ianite a pliant iitt, in 
which all j>;i 4 iins .iie co.iise- -has laijj;e eiystals, say ont uuh with, 
inainatii\ol plains aluiut ‘s tt) imhwuie, the laij>;( jjpainsan 
phenociysts ami the relatively line ji;iains loiin a p;! oumlinass, ami 
the textuic may be ileseiibeel as poiphyiitie with a >>ianitoiil 
gioumlmass It is a poi jiliyi itie p;ianite '1 his is a \anetv ol 
phaneiite, wbeieas the ih\olite poiphyiy ami jL^ianite poiph\iv» 

“A loliannstn / Dtunptitu Pttroioiry of tht lentous Rotl\» Vnlmne 
I, pa^^e u. Kdi 
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W 

Pi(, 8 — A wide lange in gianiloid textuics (a) Aplitic dike cutting St Cloud, 
Miiuusota, giunodioiitt of avtiage granitoid texture (b) Pegmatite of Vei- 
milion batholith 
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hiivinfi groumlmasscs that aic actually us well as iclativcly line, 
giaincd, me aphanites See l‘'ij{uie y whuh sliowh ami 

the thiee poiphyiitic lotks (hajj;i ainmatiially. Ihnphyntu gianitc 
is a vaiiety of }ri‘inite, ami only jjiamte is named on page 46. 



'Of? 

RtiyoUteVitrophyr Oram le Porphyry PorphyrtfisOreiMto 




Rhvi 

Rhyolite Porphyry 
■v" 


Aphonites 


Phaner ite 


Pm 9 — Diagrams of thr trxitirul tiiHnriurH lutwrrii thi* or^rr.il iioitihviitK to<L<i 
of th« ihyoltlcKiallulc dan ('ouiliiv ol ihr M< (iiunr'llill Hook t'omjiniu Srr 
also I'lKuits If, 20, 21, 2) and %t 


Tn Spite of the fait that most igneous loiks aie massise, time 
are some that have flow stun tines. As a textural \aiiety term to 
indicate flow stnutuie in phaneiites, it is piopostnl that i/tiiiwoiil 
(like a gneiss) will seise to distinguish igneous stiuituies (piimaiy 
gneiss) fioin gneissU locks, or gneisses, which are inetanioiphu 

'I'he fattois that hugely deter mine whethei hnas aie eiupteil 
(piietly 01 explosively, are the gas content and sisiosity, and smu 
most sihieous lavas aie viscous, time me huge soluines of siliieous 
fiagmental lotks Most fiagmental igneous loiks, howmi, ha\e 
fragments of different si/es and lonipositions Titih ' aie the 
consolidated dusts and sandy fiaginents, and hn'iiiti'> aie made of 
hugei fiaginents (say over 1 un in diametei ) 'I he explosne 
breccias are also commonly lalled "tnit/lomrt dtrs " Besnles these 
there aic some laic igneous hieccias foimed hy foiielu! mtiusion, 
1)1 caking off and iiuliiding fiaginents of wall lotk, and some loinud 
by the collapse of suifacc ciusts on lavas, foiming unguhu blocks 
in the liquid lava below 

Tcxtuies in igneous rocks me due to sevcial faitois that have 
influenced the consolidation of the magma 'I'lic most important 

® Foimerly tuff was called "tufa” also, but that term is now usually 
reserved for precipitates from \\ ater 
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aic tlic idtc of cooling, prcssuie, chemical composition, and the 
picscncc of dissolved vapois called mmerahzeis 

1 he fusibility vanes with the chemical composilton The most 
silicic rocks piove to be most fusible (page 44). Anyone familiar 
with slags, however, will lecall that ordinary slags, which are about 
equivalent to basalts, fuse to fluid slags, wheieas the siliceous 
slags, though having a low melting temperature, are viscous and 
lopy The impoitance of this as regards textures lies in the fact 
that the viscosity of siliceous melts interferes with crystallization 
and they are especially likely to yield glasses. The more fluid 
basic magmas flow farther fiom volcanic vents and are commonly 
ciystallinc, tliough a very quick cooling may form glass even of 
basaltic composition. 

The tale of loohng has an important effect on size of grain 
Cooling magmas tend to form crystals, and the rate of crystal 
formation hugely detei mines the size of gram. There are several 
cveiyday examples Gianulated sugar is ciystallized rather rap- 
idly, but if laigei ciystals, “rock candy,” are desiied, a crystal is 
suspcmled m stiong solution and allowed to stand at steady tem- 
peiatuie foi a long time In the field it is very common to find 
that an intiusivc lock of moderate si/e has a chilled margin of 
finci giam than the main central paits, with giadual transition 
from one textuie to the other. In ceitam lavas it appears that 
crystals developed to notable si/c, it may be an inch or more in 
diametei, while the magma stood beneath the suiface, in ciicum- 
stanccs favoiahle to their formation These are in suspension as 
the lava uses to the suiface or near it wheie the final consolida- 
tion takes place and fixes them in the so-called groundmass A 
quick chill makes a finc-giained gioundmass when not a glassy one, 
and slow cooling yields one more coarsely ciystalline, but in the 
final cooling 01 consolidation at or near the suiface, crystals aie 
seldom if cvei developed of a size commensurable with those 
foimed in the depths By this process of partial crystallization 
below and final consolidation near the suiface, the porphyritic tex- 
ture IS developed, but in strict accuracy it should be stated that 
locks arc known in which phenociysts appear to have formed after 
the lavas came to rest. Magmas are solutions, and when they 
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tool, they become satin. itctl, Inst with one nnnei.il am! then an- 
other in sequente li one constituent is abiiiuiant ami its ciystals 
glow huge bcfoie the otheis in seqiteme begin to uvstalh/i, it 
may foim plienotiysts 'I'heic is also the tompluation that liighly 
VISCOUS magmas tenil to become supei satin ateii, ami in that state 
ciystals glow only on tfic iiystals aheaily picsent — jiossibly “seed 
ciystals” denveil fiom adjoining locks 

Many magmas flow to the sin fate with no plienotiysts (oi 
“intiatellui ic” crystallizations) and then consolidate not as glass, 
but as finely crystalline aggiegates 'flie lesulting textine is talleil 
felsitic. 

Pfcssiiu* on magmas seveial milts below the suifatc may al- 
lect ciystalli/ation, but we aie not teit.iin just what tiu efietts 
aie It IS ceitain that piessine is netessaiy to hold gases in 
solution m magma, anel the gases inllucmt the textine 

jf)/sso/r/'</ ‘iv//)OM in magmas imliule watti, taiboim aiui, h\- 
eliothloiic atiel, h)diolliiont .uni, liydiogen sulphide, .ind many 
otheis At lust thought the stiulent might suppose tliat leel hot 
melted lock woulil not lu* able to eiissohe sue h substames as watei 
\apoi 'Fhc seilubilitv of gas, howevti, is a lurution ol piessuie 
and all aie familiai with the use of picssuie to hoKI gases m 
solution in li(]uiels 'riu eaihonated watti at a soda lountam his 
taibonit and he lei in solution b\ piessuie When the piessun is 
lele.iscd by lunning the watei into a glass, the tai borne aeui g is 
sepai.ites iiom solution eausing the e He i \ est e ru e H.isie in.igin is 
gent I ally h.ive a small pt i tent of ehssoKtd gases, hut aiulie 
magmas stem to ha\e moie than hasu, pet haps <; to lo pei eent ‘ 
d hty aflctt tIu mineials that t.m he foinuel fiorn .i magm.i, loi it 
must he evident that hydious mmeials hkt hiotite touKi not ioiin 
111 a magma tonlaming no watei d'hey also alteet tlie si/e ot 
giams in the lotks, piobahly by leeliitmg the viscosity ol the melts, 
in the less viscous melt, dilfiision peimits the giowth of huge 
ciysl.ils, ioiming toaise loeks It is el<)ul)tful if slow eoolmg tan 
explain the growth of giains in a giamte magma toaisei than 
common gi.inites Mven the hugest batholiths, which needed thou- 
sands of yeais to eiystalh/e, aie mostly of normal gianitoid te\- 

‘ (olliilv, fames The n%ttn Contnit of Meti^mas Ame*ritan fournal ed 
Science, volume* p.iges 4^0-441, 



vS'FAGES OF MAGMATIC ACTION 


37 


tuic 'I'he codiser grain of pegmatite is then probably explained 
only by the concentration of vapors in a small part of the chamber 
Because of these two effects, formation of new minerals and coarser 
mineials, the dissolved water and other gases aie commonly called 
niinettiltzn s They aie the volatile or fugitive constituents Some 
may escape fiom the magma and “mineralize” the surrounding 
locks The changes in the walls of a magma chamber, whether 
fiom minerali/cis or simply fiom magmatic heat, are called contact 
metamoiphism (pages 212-213) When a lava with mineializers 
1 caches the suiface, the release of pressure commonly results in 
a separation of steam bubbles, and a cellular lava, if the cavities 
aie latci filled with secondary minerals, it is amygdalotdal lava 
In the siliceous lavas, the separation of gas may be so slow that 
not all escapes In an obsidian such as that at Obsidian Cliff, in 
Yellowstone I’aik, the mineializers piobably made it possible foi 
ceitain paits of the mass to ciystallize, foiming stony layers and 
stone bubbles — lithopliysae — in the glass 

I'or many yeais we have known that molten magmas behave 
essentially as solutions of some compounds in others and that solu- 


tions do not cease to he such even when the tempcratuie is veiy 
high 'Plicy tend to become unifoim by diffusion, though their 
high Mscosity makes this action much slower than in common water 
solutions I'hcy also cause the dissociation of some dissolved 
mole lilies At high tempeiatuies locks become mutual solutions 
lathci than a solvent with other substances dissolved in it In 
spite of ceitain maiked differences, theicfore, the behavior of 
magmas may be infeiied fiom the laws of solution and fiom the 
hehavioi of cxpciimental melts in the laboiatoiy 

fslages of nuuimalu aitwn — Many discussions of igneous ac- 
tion distinguish successive stages of magmatic action Tf the 01 ig- 
iiial magma is not as old as the earth, its fust stage as magma is its 
foimation and accumulation luily it may assimilate (dissolve) 
or “stope”“ Its walls, and be intiuded Tf intruded neai the 
sui face, volatile constituents may “stream" to places of low pres- 
suie and may emanate to form pegmatites or react with the walls 

'■Stuping is a term adapted bv Professor Daly to igneous 
nual mining tenn meaning to excavate to remove ore, commonly to excavate 

UpW,ll(ls 
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M.iily cooling ni.iy cause the separation of paitly tniscihle sulphulcs. 
The main cooling stage causes the noiinal ciystalh/ation of anhy- 
dious silicates — the oithotectic .stage; this may he aciompanicd by 
diffusion, convection, and ciystal settling or floating 'riieie is 
commonly a sequence of mineials foimed, some eaily ones being 
zoned, some coiioded. Stuping, emanation ami assimilation may 
continue I'he peginatitic stage follows the oithoteitic stage as 
mineiiilizcrs become concentiated and the magma leaits with eaily 
minerals to form othei.s— the “deuteni" mmetals as distinct fioin 
post-rnagmatic secondaiy mineials. Defoimation at a late stage 
may squeeze out the last tiaies of liquid as fiom a filter pi ess 
Finally aftei all is solid, some solid solutions may bieak up on 
cooling Wild e these magmatic changes in mineials and stiuctuies 
aie conspicuous, some petiogiapheis lefei to them as automrta- 
moTj>hi\nt 

In diicct sequence aftci the tiulv magmatic and pcginatitic 
effects, there aie commonly hcdiothcimal effects cchicii an not 
tiuly magmatic, chough the watci mav be ot magmatic oitgm 
These arc indicated about the time chloiitc foims fiom the mafic 
minei als 

Bowen" has given us tiie expeimuntal basis foi conclusions 
about the stages of ci vstalli/ation of magma and calls his summaiv 
cliagiam “the leaction seiies ” 
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” N" L Bowen* The Rimtton Pttnuple tn Pitruiitnr\t\ louriul of 
Geolof^Vi volume papjes 177-108, i<) 22 , 

The Behavior of ItuluMonK in Mai^rna^ Joumtil of GroIo|;y» 

volume ?o, pap:es '?n‘*57<). lOJ? 
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Ihis arrangement gives us a logical basis for discussion of the 
sequence of giowth of minerals in igneous rocks. It had been 
known foi a long time that the granites seemed to have a sequence 
of minerals By a study of the way one mineral included others 
and was molded around the coiners of earlier ciystals, Rosenbusch 
gave us the noimal oidei, (i) ores, including apatite, magnetite, 
/neon, titanite, (2) ferromagnesian minerals, including olivine, 
augite, hoinblende, biotite, (3) feldspars and feldspathoids, and 
(4) quart/ 'Phis is not opposed to the order seen in the lower 
pait of Bowen’s senes In gianites it may be seen even in some 
hand specimens that hoinblende is eailier than biotite, that albite 
IS earlier than orthoclase, and that all these are earlier than quartz 

The Rosenbusch oidcr is not so satisfactory, however, in basic 
1 ocks Ryi oxene and plagioclase may grow together, or either one 
befoie the other, the sequence depending on the compositions and 
abundance of the two minei als This can be inferred from Bowen’s 
senes Pyi oxene and labiadoiite aie at about the same level in 
the sei les, but the one in excess may start growing before the one 
in minoi amounts Vogt found ^ by measurements that, in gabbros 
over 5 ? plagioclase, the fcldspais giew with lath-like crystal out- 
lines, making a textuie called diciha\n, wheieas the similar rocks 
with less feldspai did not show laths, but iiiegular giains 

It IS likely that the conditions in a huge chamber of magma 
aie nioie 01 less (uihiilcnt, because of injection and changes in 
tempei atui e It may and ilocs often happen that crystals formed 
eaily in a magma aie ledissolved, 01 attacked, or that they leact 
with the magma to foim othei mineials It is because of these 
changes that Bowen’s senes (page 38) is called a reaction senes 
Neai the uppei pait of the senes, are the minerals that crystalh/e 
eaily, hut as the magma changes by leason of their removal from 
solution, they may leact with the late magma to foim minerals 
lowei in the sei les Magnetite grows early in some basaltic glasses 
hut, piohahly as a late leaction pioduct, it may be one of the last 
rninei als to ci ystalh/e in a diabase. 

’J II ly Vogt The Phy\iral Chemistry of the Cty\talhzaUon and Mag- 
rnatu Difft /entiation of Igntous Rocks, journal of Geology, volume 29, 
pages 4?9-44J, 1921 
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It may also happen that attei one senes of minenils, usually 
of lai^e si/e ami intiatelluiu oii^in, has foimeti, the senes is 
lepeatetl on a small scale as fai hack as the fei loma^jnesian silicates. 
Minerals of a so-calletl second j^eneiation thus lesult* hut they aie 
always much sinallei than the [dienociysts and aie chanutenstic 
of the gioundmiiss. 

Shaip division lines siicli as aie drawn on pa^e <6 aie veiy 
aitifuial, and natuie docs not sepaiate igneous locks so shai|)Iv 
At many places one kind of lyneous lock jijiades into anothei hy 
impel ceptihle steps A laijje outciop of coaise lock may ht jL»:ianite 
at one end and syenite oi dionte a few lods away without any 
shaip contacts It is possible that these ^lew fiorn a ma^ma that 
WMS much inoie neaily unifoim when it was emplaced It is not 
to he assumed that any ma^ma is pcilectK unilonn because such 
a li(]uicl should he in vifi;oious leaction with its lool and walls It 
seems cleai, how'eveit that some nuk senes lesult iiom a piociss 
of diffctentiiitton — a piocess hy which a maj^ima moie oi less uni- 
foim to St ait w'lth sc pill ate s to foim two oi moie locks of dilie lent 
compositions 

'Iwo pi (Hisses on I lilnuaton si ili mo -.cim to hnw tint m i/mo 
ma\ (liiii i( nti iti in niou thin om w i\ I lu u u< ptohihU tom m 

five w.os in .ill I II .1 miMiiH ot .ilioho] mil u iti i m i linn) i- 

fio/en sl()wl\, tin oiitshli liu/is to ui with \<i\ Intli iliolml, md ih« 
centei fiiiiilly ini/is with most ot tin ihohol j It i ituiitcil ulution 

ot s.ilts in «i h( tkt I ol w i(( I IS iio/( n slow 1\ , tin s ilt « ( i\ t ilh/( i ii 1\ mil 

hi inji: oi hiehi t spuilu pi iMt\ ili.in tin iKinnh '•(tlh to tin hottom toim 
inp; a lti\i I , hi ton tin niistuii of salts nnl m hn ills tn(/(^ ihosi 

In a numhc i of c oai si* i^iu ous i oi ks, dille i e ntiation has lesulte d 
in the accumulation of a ccitam mineial ot climent in such comin- 
tiations as to piose valu.ihle oi inte icstmjj; 'These aie then callid 
magmatic sejj;ieji;ations of themiiuialoi element Most of them 
have bases conccntiatcd and silica left in the marina and aie tlieie- 
foie called ‘‘basic sejjji e^af ions ” The entena of se^ie}>;ated oiis 

” Solhis in iH<) 4 svioti in tin 'Tiansaetions of Rosal Iiish Acadeins, soluiin* 
^o, p.ijJti soh, “An <)iip:inal hoinojirnieoiis ni.icjniii ilois not siein to hi an 
existence iliscovrieil hv ohsiisation. it is latini of the natuir of a postulate 
which to my numl is opposed to the )j;t*ntial piohahilitu s ” 
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incliulc not only the occurrence in large bodies of igneous rock, but 
a icstiictcd gi oup of oie minerals, a granitoid texture, and the 
occLinencc of cuhedral rock silicates in a matrix of ore minerals 
3?) 

Since about 1900 the tlieory of differentiation has been very 
popular as an explanation of the differences in different parts of 
Igneous masses It has peihaps been applied too many times 
when othei explanations would serve as well Igneous rocks may 
differ as a lesult of assimilation, of partial or complete fusion, of 
mixing of ditteient magmas and of gradation by lit-par-lit injection 
into schists (page 2^3) 

A woid should be added about the chemical compositions of 
locks and the inteipietation of analyses Even as in mineralogy 
the student leains the compositions of minerals, commonly with- 
out any skill at mincial analysis, so the student of rocks should 
have some geneial ideas of lock composition even if he has not the 
skill to make a lock analysis — the couise in rock analysis is about 
a teim’s woik No one attempts to memoiize the chemical analy- 
ses of a long list ol lock vaiieties, but aftei some experience one 
may have a l.iii idea ol the mineial composition of common rocks 
Since the mincials aic moic definite in composition and the common 
ones aie not too numeious, one may easily calculate an approximate 
chemical analysis loi any common loek Such a piocess is out- 
lined in Chajite 1 X 11 1 

Chemical analyses aie commonly icpoited in percentages ol 
oxides, 1 01 the most pait, and these aic aiiangcd in the following 
senes SiO , A1 O , I c O , KeO, MgO, CaO, Na O, K,0, H.O i-, 
n_() — , CO , TiO,, /lO., P.O , S, MnO, BaO, and othei s moic 
laicly II no and CO, aie abundant in igneous rocks they indi- 
cate decay and thiow unceitainty ovei the relations of the icst 
When an analysis is available, it may be used as a basis for calcula- 
tion of minei als, — cithei theoietical or observed minerals A well- 
known scheme of calculation pioposed in 1903 by four eminent 
peti ogi aphei s led to a mineral analysis in terms of possible min- 
ei als, a “noim” See Chaptei XTTT, Problem 6, page 259 Tt 
might happen that none of “normative” minerals was actually in 
the lock analyzed, and the scheme has not been as widely used as 
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Its authors hoped. The aitual minei.il lomposition, in conti.ist, is 
c.illcd tlic “mode”” It i.iii ho i.dud.itod liom the ,ui.ilysts of 
some rocks if the paiticui.u minoi.iis piosont .110 known .uul not 
too complex In Cluiptoi XIII this subject is tuilhei ticMted with 
.in illustrative ex.unplc. 

Using the data of theinuMl an.ilyscs, with mote 01 less c.tUulit- 
tion, some diagiams h.ive been devised On p.ige n vMiiety of 
locks .ire shown in di.tgi.ims of .1 kind ct edited to Micliel-I.evv. 
but modified successively by Bioegger, I lobbs, .ind Spun With .1 
little study these toulil e.isily be iiiteipieted into the niinei.ils that 
would lesult. Only those with a long silica line yield quait/ 
Potash is needed for oithoilase, and soda foi albite aiul neplieliiu, 
— nephehne when the silica line is shoit MgO in huge amounts 
yields olivine, or with abundant silica the oitlioihombu pyioxene 
Sec also the diagi.ims on I'agt's 1 16 - 1 1«) 

The specific giavity 01 density of an igneous loik is an inipoi- 
tant feature in its puictual beaiiiigs. While it may in ice be less 
than I, and in glasses rc.ich 225, yet in the common locks it is 
seldom below 2 i;o, and ranges fiom this to ovei ? 00 Dctci- 
minations are impoitant in tliosc loiks used foi building pin poses, 
and aie expiessed in pounds pei cubic foot hoi data on the sc\- 
eial Igneous rocks, see page 1 1 1 

'riic tempei atiiies of magmas aie vaiioiislv estimated as fiom 
^oo" to I ]()(> ' C and by some petiologists much liighci '1 In 11 is 
little evidence that undeigiound magma IS hottei thanitno C and 
the highei tcmpei atuies aie obscived only at lava lakes wlieie 
burning gases cause a local heating No mineial lemains solid 
.ihove Its own melting tempeiatuie at the pievailmg pussiiie, hut 
magmas do not commonly lequiie such high tempeiatuus as aie 
needed to melt mineials Mixtuies of mineials melt at lowei 
tempei atuies than jmie compounds, and the niinei.ili/eis aie espe- 
cially effective m leilucing the tempeiatuie iuc*cled to keep a magitia 
fluid. Pegmatite magmas pi oh.ihly I einain fluid to ^00 t Some 
mineials break up into other compounds as they begin to melt, and 

” In tbo norm system, liypothcticMl mineials aie grouped as wi/n .ind 
terms which sliould not be used for .ictual minerals, 'I'he correspunding terms 
for the minerals of the mode arc fehic and mafic (page 2l). 
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I'K. 10 — Diagiams of the chemical composition of typical rocks in several clans 
I he* inethod is ci edited to W C Brotgger As here drawn, the lengths of the 
lines ludiatiiig fiom the centers are prupoitional to the percentages of the con- 
stituents i( ported in analyses The directions for each constituent are constant 
foi the whole series Piom a study of the diagrams, the probable mineral com- 
positions can be predicted 
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«i!c s«ik 1 to niflt “intongr ucntly ” 'I he au (unpaiiMHj^; (ahli* is of 
intcicst in this toniUHtion 
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'I lie rnoie toinplev rnuas, ainphiboh s, aiui p\io\trus hi\( Kss 
(Iclinitc tcmpcMatuu laiif^isol nultinjj; 

Igneous locks coininonly nult in a lange ol tt mp( i itiii t s 
iiioiiiul 9 <)<) (o iioo C 1 lu nu Iting piouss is loinphx ami 
piogiessi\e, the Iiisl li(juul b( ing foinutl l>\ it.ulion Ixtwttn niin- 
eials in tontatt \'«i\ little taiehil woik lias Intn iloiu on lotks 
tbeinsehts, as coinpaml to uoik on inintials, but (loianson Ins 
fuinisbetl data loi Stoiu Mountain gianitt \t I C 
and limit! a watci \.ipoi pitssun of <;.So bais, tiu gi.init( lutanu 
almost t<)niplet(I\ li<]uid, and liad () sO watti in solution \ t\pi- 
cal gi anite, powdt led, bt ati d toi awitkat S<h) C \\ itbout \\ .it< i 
became about b.ill Ii([Uid It i((|uii(d a tt nipt i .itui < about p><) 
C bight I to de\ t lop a t Ol 1 ( spondmg lit gi et ol nu Iting in bas.ilt “ 
Disit ihiilton of Itjnrons Rt)(ks ti\ u IThoh^ Igntous lotks 
cio|) out at the siiifate ol the taitb tbitlly m mountainous it gums, 
0 ! in the oltlei “Sbiebr’ ait as that ueie once mountainous 'I bis 

R W (loianson Sonn Xutt\ on ifu Milttm* of (hanitt Aiunuan 
Tournal of Sticnte, volume pagi i<)^a 

’’ (fiiMg, Meiwin, <111(1 Sliipheid In Cainegie Institution <»f W'ashington, 
Yeai Book ^o, pages 77-78, i<)U 
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inctins that in Noith Ameiica, for example, there are many ex- 
posutes of Igneous lotk in the Appalachian Mountains, in the 
Conlillcra, and in the Canadian Shield. Smaller areas are in the 
lllack 1 lills and 0/aik Mountains Relatively few igneous rocks 
aic known in the gieat plains and Mississippi Valley 

The Ntinini// of Ro(k't. — Some very ancient names for rocks 
arc letaincd without any attempt to give them systematic form 
Most lock names end in -tie, as do mineral names J D. Dana 
once suggested the use of -yte for rock names, so that there would 
not be any confusion with mineial terms in the printed name. The 
suggestion was not widely adopted and appeals now only where 
the loot-woid ends in the letter y, as in tiachyte and tachylyte 

7V/<' ('Itiwifmitiou — In the matter of the study and determina- 
tion of a lock species, especially of an igneous lock, it is desirable 
to piocuie matciials as fiesh and unaltered as possible If feld- 
spais have .ill changed to clay, if ferromagnesian silicates are 
meiely cliloiitc oi seipcntine, and if secondary quartz, calcite and 
the like li.ive loinied, it is vciy difficult if not impossible to draw 
collect oi even vvell-giounded infeiences Many rocks neai ore 
bodies .lie ol this cli.ii.icter 

Ikaiiiig in inmd the dittcicnccs of texture and the causes of 
them, vve can gioup igneous locks in such at rangement that they 
can be intelligently studied, and identified with a leason.dile close 
.ippi oMination to the tiuth It should be appieciated, howevci, 
that with linely eiystallinc locks, whose components are too small 
loi the un.issistid eye, the micioscope is the only lesouice, and 
with this as .ill . 11(1 much gic.itci subdivision can be attained Idle 
object hcie m view is to limit the discussion purely to the study 
without the micioseojK 

'I'lic selieme ol classification of the igneous locks has two piin- 
ciples unelei lying it, namely (i) textuie, i elated to occurience and 
(i) mincialogic composition, i elated to chemical composition 
'I'lic textuies aie five gi.initoid, poiphyiitic, felsitie, glassy, and 
fi.igmental, and the table is aiianged from top to bottom so that 
they come in this oidei The aiiangement is adopted because it 
bungs at the outset the locks in which miner.ils and textures can 
be cleaily seen The woid porphyiy as a suffix has been adopted 



ACIDIC < — Table II for the megascopic classification of v ^ BASIC 

Excess of light-colored minerals IGNEOtS ROCKS Excess of dark-colored minerals 
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foi the intcrmcilhitc members, which roughly correspond with the 
intiubivc locks Older cUissificdtions, after which this is modelled, 
used the occun ence as a basis for names, but occurrence is not so 
readily determined in hand specimens as the texture, here used 
It must be appieciated that the methods of field occurrence follow 
these textiii al differences only in a general way Thus thick surface 
flows will have poiphyiitic textures at their centers, and dikes aie 
known with glassy holders Thick intrusive sheets and laccoliths 
arc pi actually granitoid, like the batholiths, and the batholiths 
themselves locally become loughly porphyiitic fiom the exceptional 
development of the feldspais Nevertheless an important general 
lulc IS emphasi/.ed by the airangement, and the truth that texture 
IS hugely a function of depth and pressure, is brought out. Not all 
the locks described in the text appear in the table, since some are 
of raie occun ence and would prevent a due sense of proportion 
All these together with synonyms and relatives will be subsequently 
emphasi/ed, so far as is appropriate for an elementary book 

'I he locks aie aiiangcd fiom left to light on a mineralogical 
piinciple, and chiefly on the basis of the piedominant feldspar, as 
IS the usual custom 'This also makes possible a general succession 
fi oin those most acidic on the left to those most basic on the right, 
hut vhile this is tiue for the exti ernes, it is not strictly so for 
intei mediate points because clacitcs and qiiart/-dioi ites aic far 
liigliei in silica than aie phonolitcs and nephclite-sycnites, and even 
than tiachytes and syenites The impoitancc of the bases is not 
to be ovei looked and tables of aveiage analyses aie given on page 
107 h'oi hicvity the mineial headings in the table are much 
shoitencd 'I he student should undei stand, for example, that 
“ — Ouait/” means “without essential amounts of quait/,” peihaps 
less than ? per cent 

T'lie subdivisions of plajjioclasc lotks au luu based on the nature of 
the feiioinajinesian mineials In more adv^anced micioscopic woik, it may 
b< beftei to use the kinds of planioclase, but these are cleaily impossible of 
distinc turn in the hand specimens In the naming of most rocks, it makes 
no diffeience whethei plagioclase or the dark minerals are used See page 
^8 giving Bowen’s reaction senes At the level of augite, the plagioclase 
IS labradontc, and at the level of hornblende and biotite the plagioclase 
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IS iindesim* or olif^otlasc. 'I'liis asscuMtion is iouiui m pn»hahl\ <k» prr 
tent of the pla^iiotlase lotks In a tew i.iie Kuks lahiathnitt nia\ be 
inteijijioun with hoinhleiule, oi auj»ite with amltsme these cweptmnal 
rocks inijiitht be diileientlv nanud h\ tiu tu Id woikc i and tin pttio^t tphei 
with a inuiosuipe 

Seveial men in iteent \eais ha\e eniphasi/nl the iinpoitarue ot the 
volume peiienta}j:e ot datk (ot bettti tiiaiii ) nunei.ils as a tiasis tot ilas- 
sduation ot mineials '1 his appeals on pape 4t> oiil\ in the distimtion eii 



Im(# II — Cfiaiiitoid locks of (IiHcicnt (ol«»i tones fei) (fiinite. » IfudKiitK io<k 
(fiants Kan^e, Mnuxsotii (//) (vthhio, i niiiinoei itit loek Silcrii iicek, Miisi 
iluisttts About natui il sj/t C'ouitcss of the Meliiiw Hill Hook C oinp iti\ 


leuks with *'ne) te Idspai ’’ In othen tanulies, det.iileil \aiict\ n inn's nia\ 
be based on pen entases, as tor e sample , anoitliosiie ( pa^e as a 

variety of linhhta h xe e ptieinally lij^lil leitks in an\ elan inaN be induateel, 
if dtsiu'd, by a pielix, leuio-, anel elail loeks b\ the pie fix, me la ( 
n), but the avciaj>:c granite is very light and aveiatie gahbio is about 
half mafic. 
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1 lu‘r(* •lie .ilso, cspetially among microscopic petrographers, those who 
favor mou* use of alk<ilic‘s in classification, distinguishing alkalic from less 
alkalit gioiips Alk.ilit locks have (i) more than average alkali for that 
dan in which they occui, or (2) minerals in which the molecular ratio of 
alkali to silica is gieatci than i to 6 , including feldspathoids and some 
sodit tiniphibolcs and pviovcncs Tlicse are not very easily distinguished 
III the field 

The Delei imniilton of Igneous Rocks — In determining an 
Igneous lock, the textuie should be noted first, the feldspars next 
If orthocl.isc pievails, the piesence or absence of quartz estab- 
lishes the lock If plagioclase pievails, we look for biotite, horn- 
blende, pyioxene, quaitz and olivine. If no feldspar is present, 
we look for the piesentc or absence of olivine. We then refer 
to the table on page 46 While books are of gieat assistance, the 
only way to become really familial with locks is to use the books 
in connection with coiicctly labeled and sufficiently complete study 
collections. The fine-giaincd locks and tuffs elude the power of 
the unassisted eye II light coloied they aie lefeiied to the 
felsites A few lelsites may be medium daik coloied (as obsidian 
is) fioin magnetite 111 veiy fine pai tides, but the moie common 
colois are white, pink, lecl, purple, light gray, yellow, or blown 
Basalts aie much claikei, black, daik giay, 01 dark gieen Wcath- 
ei mg fin ns some basaltic locks lightei giay, 01 lecl fiom hematite, 
but the I cel IS commonly elitteient fiom the ledness of pink feldspai 
and of felsites 

Caie should be used not to confuse phcnociysts and tiwvgtiules 

Phi not t vt/e cl mv^rluli f 

fomis (Dninieiii, plane f.ices, Spluiic.il, almond-shaped (I iguie 1 2 ) , 
sh.iip eoineis, pai.dlcl sides, ug- 01 pipe-likt 

ul.it .iiiangement 

Usu.dh single* enst.ils Commonly aggiegates, i.idi.il 01 con- 

centric 

t'ommon in m.inv fclsitic locks Common m daik fdsitic locks 

(.)ii.iit/, feldspais, hornblende, an- Quaitz, calcitc, zeolites, chlorite, epi- 
gite, and olivine dote 



50 


IN'I R«)I)lH''n«)N 'lO KJNIOIS ROt’kS 


Poipliyiifs aic lommoiily ilassilicd lntin the ininc*i.ils whiih 
iue VKsiblc as phonon ysts, witli httlo jonaul toi the ‘>*»'*hnass 
oven if it IS much ovoi half tlio lock. "1 his may load to oiioi, 
hut no altci native* is available until the* inieioscopo oi ehonmal 
woik reveals the* natuio of the* jjioundmass 

'I'he studont should bo lomindod of the* mothods of distinction 
of feldspais (paj^o 13). If ciystals of foldspai aio too small to 

locojim/o b\ then mhoiont 
ehuiactois, hut tho h}>;ht coloi 
indicatos thou piosonco, thou 
natuio should bo ostimatod by 
‘association In a li^ht-coloiod 
poiphyiy with only (piaif/ 
phonociysts tho ftldsiiat should 
be considoiod oithoclaso In 
a Kiay poiphyiy with only 
ohvino, 01 only aunito pluno- 
eiysts, tho fcldspai should bo 
considcicd plagioilasc li the 
same* minci.ils appoai in a 
black fjroundmass, thoio is a possibility that no foldspai is pusent, 
but such locks with no foldspai aio so laio that nono should lx as- 
sumod to occur without stioiifr tcasons In a (i;iav poipliMv with 
only hoinblondo 01 only biotito phcnocivsts, oithmlasc ma\ lx as- 
sumed, hut IS not at all c 01 tain 

A similai situation at isos m tho distinction of hoinblondc and 
aujjito when ciystals aio tix) small to 1010^111/0 In thou inlxicnt 
chaiactois If a jtianitoid iixk with noaily loo'i plajjiioilast 
IS to bo classified on pajjo jh, tho daik minoial is assumed fiom its 
association to bo aunito (pa^jo 16) and tho lock is a (jjabbio 
Similaily a lock with only plaj^ioclaso phonociysts in a black jjiound- 
mass, IS ussumod to have augito in tho ffioundmass, and is thoiofoio 
a basalt-poiphyiy No olhei minoials sue assumed to bo [iioscnt 
unless they can be seen 

These estimates aic not pure guesses but arc made accoidmg 
to rule and custom, and the names so given arc used and agreed 



12 — 'I h( fdinis (if ilriiofid 

shaiKd t(i ( Ilt|i«s(iul ti \ itui il Ni/t 
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to by otlici students so tluit there is uniformity in the naming, unless 
micioscopR woik shows that some feature was missed 

'I'lie commonest eiiois in field identification lesult from the 
difficulty m distinguishing oithoclase and plagioclase so that some 
quart/ dioiites may be called granites, some syenite may be called 
dioiite, and vue versa It is a common practice in field work in 
the pic-Cambnan Shield areas to tall many rocks “feldspar-por- 
phyiy,” not distinguishing whether the feldspar is orthoclase or 
plagioclase Almost as difficult is the distinction of hornblende 
from augite, in consequence of which some gabbro may be supposed 
to be dioiite, and vuc vena These errors must be expected by 
field woikeis at places, and the corrections made by laboratory 
study afteiwaid aie no lellcction on the character of the field work 
With inci eased equipment more accuiate work is expected, but the 
woik on hand specimens should be tarried as far as convenient. 



CHAPTKR III 


THE IGNEOUS ROCKS, Contmuctl 

The Rhyolile-Granite Clan The Trachyte-Syenitc Clan The 
Phonohte-N ephelmc-Sy cmte Clan 

I*iiANi-,Rni'S ()!■' nil Kin(>im-(>RANin C i w 

Gain til Destiipium — 'I'lu* nuks ol this il.ui an a lai^o anil 
ilivcrsihod uroup. All its incmhcis have the huht-iolniiil inmcials, 
quait/, oithoclasc ami i)la|>;ioilasc in {jicat c\u*ss 'I he ilaik-iol- 
01 cd mincials, biotitc, lioinhlcndv, and aii)^ito, ol wliuli hiotiti is 
the commonest, aie jjieatly m the minoiity 'I he aiussoi\ min- 
eials, magnetite, hematite, pvnte, eti , au liw and imonspiuiuus 
'I'he pievailing lolois aie light giays, yellows, and pah mis, but 
daikei shades cspeually of ml aie not umonimon 

Mnu'itiloifit GompoMtiiiti (iiitl J\ini Ill’s nj Guimh - (iianitis 
aie gianitoid loiks tonsisting of oithmlasi oi inuioilim, silim 
l»lagi(Klase, quait/, and a small amount ol mua oi sorm otlui 
lei 1 omagnesian minei al "1 he daik mim lals langi liom i to >q'. 
ol the lock, but i aiely mou Hiotitt is imuh the lommom st mua, 
and \\hen it is piesmt alone tlu toik may In lalhd hmlih iiiintih 
oi lint null t/ttiuiit’. I' lilt -gi allied hght-ioioml giamtt m dikis is 
t.illed «/>///<• and lommonlv has moie musioMte than a\ti.ig( I lit 
giam si/es aic suih as iliaiaiteii/i iim rni/intiiti (p.igi p) I hi 
same tevtuie may 4ippeai ni syenite aphtt , tiu.ii l/-thoi itt aphtt and 
otheis, but tlu tiim aphte without tjuahluation induates a ituk ol 
tlu gi anitc clan I loinhh nde is common, t itlu i with biotite oi by 
itself, giving then lint nhfi nth’ t/Kniiti’' Ini/ilr titiitiitr is imuh 
less common Wheie quait/ and feldspai aie the only two min- 
erals, w'c have the so-calleil hituifs/ (ftattilr, though that teim has 
been applied also to gianites with two micas (Jianites with almost 

'In former yc*<irs this aggregate was called s\cnitc, but the modern usage 
IS different 
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half the feldspai pKigioclase (especially if andesine) are called 
qiittrlz monzontlcs CJianites with exceptionally coarse feldspars 
scattered in a normal granitoid gioundmass are porphynttc granites 

13) 

Near the holders of Luge intrusives and more rarely near the 
ccntcis, there aie veiy coarse ciystalline aggregates of the same 



I<1(. I*; — IN)fph\iiti( (xoudiiau, Ontaiio Giounclinass has friains about 

oiu >( ij;;hlh null in dianutd About onc-half natural si/t 

rnmci .ils cis gi .initc, called (Fig 8 (/>)) If the same 
coaisc ttxtuies appeal in locks of othei clans, they may be called 
syenite pegmatite, diorite pegmatite, etc , but the term pegmatite 
without qualihcation indicates a rock of the granite clan In the 
pegmatites is the home of the graphic granite (Fig 14), the curious 
intcrgiowth of quart/ and feldspar such that on certain feldspar 
cleavage faces the quart/ makes a pattern suggesting cuneiform or 
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lunic ihaiattcis. lieu* also is the homo of the Mula-potash foUi- 
spais. that have ‘‘unmixod’’ on loolmg to foim pcithito, — a potash 
Icldbpai witli sticaks of intoijriown alhitc. Only about one pei 
tent of a huge intiusive is pegmatite, anil most of tliat is nciii the 
bolder or in the schists luoiind the intiusive, in \eins oi dikes— it is 
an open question wliicli is the moie loiiect tcim Pegmatites may 
be associated in the same dike with aplites and both may giade 
imperceptibly into the main intiusive and into quait/ veins ( w/< \//<' 

if foimed fiom magma uitli 
little feldspat), though the 
aplites commonly have shaipei 
walls than pegmatites At a 
few places pegmatites contain 
lematkable concent tat ions oi 
laie elements and of mineial- 
i/eis 'I'liey have leieivcd a 
gieat deal of attention because 
they supply some coinnuiual 
oies, such as those of lithium, 
tin, and ladium Pegmatites 
aic diicil souiies of fildspais, 
muscoc ite, and a \ai tet\ of gi m 
mintials We coiicludi fioni 
laboiatoiy studies of melts containing volatile constituents that the 
eaily ciystalli/alion of non-volatiU constittu nts in a magma left the 
late lesidue so itch m volatile rnattei that the vapoi picssute be- 
came enoimous and the lesidual magma with its nunetalt/eis had 
a violent tendeney to bieak out thiough the outi i aiul alieadv 
sohdifieil paits of the lock 'I'lie gianites eiystalh/e at about 700 
C, but the optical study of quait/ in pegmatites indiiates that 
mineiah/eis keep the residual pegmatite magma liquid down to 
ternpci atuies below ^7?" C At such tempeiatures the magma 
may be highly aqueous and perhaps even above its ciitical tem- 
pciatuie, so that it is veiy fluid It can ciiculate thiough eaily 
locks, formed at the boideis of the chambci, and replace them 
largely with rare minerals 'rhus may be foimed the great “logs" 
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of spodumene, 42 feet long, beiyl crystals weighing tons, as well 
as other Urge ciystals - 

At still lower tempcratuies, the outer portions of granite masses 
may be attacked in a diHeient way by escaping mineializers, — hot 
water and boiic and hydiofluoiic acid These develop tourmaline 
in quantity and in rare instances fluorite and cassiteiite At the 
extreme of such an alteration is a quartz-tourmaline aggregate 
without feldspar — a lourmahte The vapoi may change the bor- 
deis of granites to a mass of quartz and white mica, affording the 
rock that is called i/retsen and that is a familiar gangue for tin ores 
The changes aie so gieat that the rocks are no longer granites as 
classifled on page 46, but the 
changes come so soon after 
ciystallization that tlieyaic not 
commonly described as meta- 
morphic I'liey may be called 
autonietamoiphic 

Gianites aic commonly 
giay, white, 1 eddish 01 blu- 
ish in coloi The feldspai is 
mainly lesponsible foi this, as 
quaitz IS coloiless and tians- 
paient anil biotite and hornblende aic not specially abundant, but 
unusual 1 ichness in the last named silicates tends to daiken the lock 
liiegulai daik stieaks aie called schlieien, and wheie the claikmin- 
eials assume conccntiic layeied stiuctuics, the gianite is called 
otbtdthn Such locks aie commonly local facies of huge masses 
Wall lock fiagments of all si/es may become dislodged and 
foim dark inclusions in magmas, and the mineials of the inclusions 
commonly leact with the magma to foim those minerals that arc 
ciystalli/ing fiom the magma ’ Shales and slate are especially 

■* J K Kemp The Pegmatites Economic Geology, volume 19, page 697, 

1924 

' N L Bowen The Behavior of Inclusions in Igneous Magmas Journal 
of Geology, volume 30, pages 5i?-';70, 1932 Some claik spots have been 
consulered segregations, but such segre*gation lias not been demonstrated 

J F Kemp noted that some masses called “segiegations” were no doubt 
partly digested inclusions Economic Geology, volume 19, page 713, footnote 



Fu, 15 — Oihitulai initt, Idaho About 
onc-halt natui il si/c 
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subject to rcciystalll/ation aiul bocotuc* deceptively like t|riu'<)us 
locks in inmeials and textuies, conunonly witli .i textuie tli.it le- 
sernbles a poiphyiy Some laige intiuMons, howevei, li.ive d,itk 
bolder facies th.it solidify e.iily .iml tuiiiish some "coKmite" fi.ijr. 
ments to the l.itei m.im f.uies .is inclusions 'I hus the oiimn of 
the cl.iik inclusions is not cmsiIv deteiniined in most ^i .mites. 
Those fiom outside the m.iKm<i cluiiiibei ,iie c.illed seiiolitiis 



IM(/ — (ri inodiontc, Alt i stotk, Vt ih Mmiit om h tlf ii ittii il »»/f I hr im^fh 
oi the d«iik iiHluHKin ts {)ii,illrl tn the iKctllrs ot hi)t uhlr iitic , tnii Ixith >(( iiiiiiiiil 
to th( iplt(( 


Many jijninitrs, whuh on uisual insprition srein to lit ni,issi\( 
oi Itukui}*: in onentctl }{i«unSf li.ivc in iciint yc.iis been iouiui to 
show some stiiKtuie (ste O H thtie is no titai (\ulimt 

of mctamoiphisin, ami especially if the ulattt! aplites anti jitj^ina- 
tites sliow no internal stiiutuie, the lotks aie igneous anti piopeilv 
still Ciilletl jj;ianites Rocks of nuitli the same chaiactei ma\ icsult 
fiorn metamorpliism anti aie called fjjramte {gneisses 'I'o thstm- 
guish the (granites with flow stiuctuies fiom metarnoiphosetl 
ites, they may he ealled tywe/non/ — the suffix otd meaning: 

like Many students liave referred to them as “piimaiy gneisses” 
(FiK 17 (h)) 




(C) 

Fi(5 ly — Daik inchiMions and schhcren, Boulder batholith, Montana (a) Small scat- 
t(U(l inclusions (h) Ill-dchncd laytis with slight concentration of daik min- 
erals ({) Inclusions, some arc distinctly outlined and otheis giade into schlieren 
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'I'hc .ivc‘i.i}i[o uinfains nc.uly ^<» pfi tent potash feld- 

spai, 20 pci tent pl.ij'ioilasc, o\i*i 20 pel cent quatt/, ami l to i? 
pci tent buititt 'I licsf tallies lanKf ttuiely ttithoiit ti ansnicsninK 

the houmlaues set hy the 



Fl(# iH — 'I he Ht tut tuns of liutr, 

Kait){j;e, MinncMota Alaout naturul Ht/e 
(rt) MdNNive, porphvntu {h) 

CtihisnokI porphvtttK (O 

Porphyiitie {a) and 

(//) aio inn<ouM strut turcs, but (<) 
may be metamurphu* 


table, pa^e 4* It must be 
admittetl, hotvetei, that the 
term jjjianitc has been used for 
many quatt/ loeks in tlie Held 
ttithout tiiieful exuimnatton 
ol theieldspat I'he so-tailed 
Kianites may be otei half 
pIay;iothise It may be added 
also that tornmeitial dealeis 
m buiUhng and ornamental 
stone use the teim foi p;ianit- 
Old lotks oi all soits, im hill- 
ing (ten frabbios umh 1 the 
name "blaik |^iamt< ” 

*I he student should at- 
tdupt to hv m mind latint 
attuiately these mineial pii- 
itntaiies If they lan bt le- 
niemiuied alontr ttith tin 
liumual natUK of mnuials 
^it ( n on pa{{( s it to .> i , tin 
ihemual natuieof tin |{iamt( 
(lan tan In* estnnate<l ttiv 
tlostly C’haptei XIII ^itis 
illusti alive estimates 

Rflaltoti'ihtp^ 'I'lie f<;ia- 
dation of tliiou^h 

l^tamte-porphynes and mnio- 
Rtanites, into ihyolitc-poiphj- 
lies and fcksites, has been le- 
maikcd Alonpf the borders 
of some intrusions, tins can 
be traced inch by inch to a 
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place where the poiphyritic texture is due to a quick chill Mt 
Willaul, in the Crawford Notch of the White Mountains, is a 
classic locality for this tiansition. It was described in i88i by 
Geo W Hawes, and will be referred to again under the products 
ol contact metamorphism The close relationship of the granite 
poiphyiies with gianitc haidly needs to be mentioned As quartz 
deci cases, they giade to syenites by insensible steps, and as hoin- 
hlende or biotite and plagioclase increase, they giade to dioiites 
Intel mediate varieties, which are very common, are quartz-mon- 
/onites Transitional passages to gabbio, from increase of augite 
and plagioclase, aie also well recognized 

— Gianites are much more extensively employed for 
stiuctural pui poses than any other igneous rock, and indeed in the 
trade almost any crystalline lock consisting of silicates is called 
gi anitc I'hey ai c in gcnei al the strongest of the common build- 
ing stones Crushing lesistanccs range from io,0OO to 40,000 
pounds per squaie inch in a 2-inch cube The impoitant points 
aic homogeneity of textuie, good, lectangular jointing in the 
quail y, adaptability to tool tieatment, dui ability, and pleasing 
coloi 

Ahf) (Uion, Mclmnot phism — In oidinaiy weathering gianites 
suffei hist by the oxidation of the piotoxide of non in the feiro- 
inagnesian silicates (biotite, boinblcndc), and the foimation of 
otlici sccondaiy inincials The fcldspais aie soon kaolinizcd, 
and the i ock thus becomes hydi ated Pyntc, if pi esent, is an active 
agent in decay Recent studies show the piogiessive changes dur- 
ing prolonged wcatheiing (page 130) Similai sets of analyses 
have been made at a number of places with analogous results 
The locks are mechanically bioken up at the same time leaving 
soils, in which spues and boulders indicate the natuie of the original 
lock (page 125) 

Hot water 01 hydiothermal attack results in sencite most com- 
monly, turning the lock soft, dull, and light-coloied, it is then 
veiy easily deformed by sti esses to sencite schist ' Some impor- 

' G M Schwartz Alteration of a Colorado Gtanite to Senate Schist 
Journal of Geology, volume 41, pages, 537”45i *933 
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t.int china clay clcj)<)sitb aic believed to result tioin hot vvatei attack 
on pegmatites., a deep-seated kaohm/ation At places, hot waters 
also cause silicilicatum and various other riimeialogical changes 
The foiination of touimahte and gi risen was noteil on page qi; 

Unclei dynamic sitiess giariites aie moie oi less cnisheil and 
have then rnineials drawn out into laminations so that the> hecoine 
gneissic. Beyond (jucstion many gneisses have resulted in this way, 
as foi example m the Aiehean ot the Canadian Shield and in the 
Fiont Range of Colorado I he struclures were doubtless mduic’d 
while the granite was deeply Iniiicd and subjected to jucssuie while 
closely confined, so that the yielding came in a giadual flow Some 
coaise oithoclase of the pegmatites oi jioi pit) i itu gianitcs may 
he left as “eyes,” or to adopt the (Jeiman teim "ititi/iu," affoidiiig 
augen gneisses of gianitic comi»osition 

Other gneisses, however, icsult from the mjc'ctioii of tim gian- 
ite 01 pegmatite in lelativelv naiiovv hut nuimious ihkc s into lam- 
inated locks, 'riiese miscd rocks aie paitlv igneous ami piitl> 
metamoiphic, hut aie commonly listed as nutamoiplm hmause of 
then pronounced St ructuie (log 86) S< ih i holm pi opose d |oi the 
mixed rocks the leirn, mn/rnutilt* W’luic the m ip.ma lollowni 
thin layers of schist, the gneiss is said to lesnlt fiom 
injection (page 28 and l-'igs 8?-6) 

J)islrihnti(?n — (iianites aie ahunelant along the \tl intie loast, 
and aie near tidevvatei fiom C an.iel.i tei \tigmia haithei south 
they he hack of the C oast.il l*lain llie\ are esiensneU eiuiiiieil 
A f amous hoi nhlende gianite is ohtaineel at (.>umev, Massai luise tts 
In the old ciystalhne aicas of Mtelugan, Wiseonsm, ami \Immsola, 
and north thioughout the Canadian Shield gianitcs aie lommon 
Missouii has many m the legion oi the }ioiph\iies, eited lx low, 
and Texas has a huilehng stone epiany in fine giamte In tlu West, 
the Black Ilills, the Rocky Nlount.ims, the Wasatch, ami the 
Sienas aie ahundantly supjihed 'llicy an eeiually common m 
I'.uiojie and elsewheie the woilel ov'ei d he famous lioinhlende 
biotite granite of Syene was i|uaiiied in early Mgyjitian times for 
pyiamids and ohlelisks, and in lecent ycais foi the Nile dam 

Silexite, the quait/-rich dikes, crop out in the Adiremdacks and 
many batholithic areas. Interesting complex pegmatites are know n 



TIIK RHYOLITE-GRANITE CLAN 61 

m New I’-ngLiiul, in the Black Hills and near San Diego, California 
Famous .iplitcs occur in the quartz monzonite at Butte, Montana 
All of these locks, however, are well known in hundreds of places 

Apuaniiiis of ini„ Rhyolite-Granite Clan 

Ct’tu’Kil — The rhyolites are high in silica and 

then melts aic thciefoie usually viscous and thick, and their move- 
ments .lie not inaiked by the fluidity shown by the more basic 



Im(. 19 — iMaty paifin^, flow lints and inclusion in ihyolitc 
Hlaik IIills, boiith Dikota 


locks When soliilifled many show flow laycis which originally 
siiggestcil then name 1 10m the Gieek veib meaning to flow Tech- 
imally the stiucluie is called eiilaxtltc, and it commonly results in 
a platy paiting m the ihyolites of the Ameiican Cordillera, and 
to some extent in tliose of the older Shield aieas (Fig 19) 

'File textuics of the aphamtes in this clan range widely and 
upon them are based the principal variety names The Rhyolites 
propel, aie fclsitic to slightly porphyritic rocks, A few of them 
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.lie soiiu'wli.it icllul.u l»ci.uisc of then omirtenu* .i** suilacc flows, 
whose (lissol\eil \.ipois h.i\e sep.ii.ited fiom solution .it .itmos- 
plieiK piessiiie .ind lomied the lells. Stuli lells .iic less lommon 
m this il.in tli.iii in h.isii flows, hut .iie f-iiily well distiibuted. 
When the testuie is felsitii, it is itnpossihle to tell ih)olites fiorn 
ti.uhyle.s .ind d.iiites without tests with the mmosiopt oi .in.ilysis, 
.iiul the non-tommitl.il teini fi’hiti is loinenient With the ilevel- 
opinent of .i few jihenouysts, the di teinun.ition of the loik is 
inoie leit.iin. (d.issy vaiieties aie noted on patjes too loa. 

It Ks not veiy leitain that the natiiic of the groundmass is 
detenniiied hy the nuneials of the [ihenoii ysts, hut ijuait/ and 
oithoil.isc phenol rysts aie fjood sif»ns of ihyolitii loinposition 
'file d.iik silicates me seal It ly appaient and siiueipiait/ and oitho- 
tlase have ileaily uystalh/itl eatlv (hefoie the jftoiiiulm.iss) this 
mifjht seem to he an esiejition to the noiinal oitlei of uystalli/a- 
tion 'riie fait is that some fet lomannesi.in nuntial was pioh.ihly 
foimetl still e.uhei, hut is in small mams ,ind in suih small amounts 
as to he iiuonspuuous 'I'he ^tountlmass is usually filsitii, hut it 
m.iy he glassy, anil in ohl loiks, ft Kites may sliow sjiheiuhtes 
(h<K 1 1 aiks ami stone huhhles, mdii ating till 11 t/tii/ri- 

fudtiini liom a foimei glassy stale Re-ii\slalli/eil and usually 
nioie oi less siliiified ihvohtes wlmh h.nt suffeml inetamoiphism 
in the long lourst of gi<»logit time aie talltd iiputhyiilitrs 

'Fhe ha\e ahumlant phinoii\sls, say i lo 

to I 2 the loilv, in a gioumlmass that is lommonly ilense hut not 
lellulai 'rinse loiks aie th.ii aiteiisfii of the lential poilions of 
thuk flows, of dikes, of intiiiileil sheets, anti of the outei paits of 
l.uioliths 

'1 he quait/ phenotiysts aie tlouhle siv-sidetl pyiamiils, almost 
ne\ei with a visible pi ism, and as a lonsetiiunee they ate ne.iily 
etiui-dimensional With a littU lotiosion hy the magma they lom- 
monly hetome lountletl anti may be mistaken foi sand gtains 
loumleil by tianspoitation 'Phey aie ihstinguisheti hy their asso- 
uation with iiyst.ils of oithoilase and hiotite, and by the contiast 
in si/e of grains in the phcnociysts and groundmuss — suth con- 
trasts aic laic in sediments. 
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Whclc the phcnociysts <ire in marked excess over the ground- 
mass, the locks are Grantte^porpliyries. Where the phenocrysts 
aie numci ous, they sue generally laiger, and the groundmass be- 
tween them IS slightly coarser than m the rhyolite-porphyries 
"I hese locks aic met m the deep-seated dikes, in thick sheets, and 
in the cential parts of laccoliths They mark a textural transition 
to the granites. 

Rhyoltte arc the fragmental ejectamenta from explosive 
eiuptions that may foim many extensive strata of rock Although 



Im(. 20 — CM,niit< porphviv, Saganaga Take, Ontano Phenocrysts predominate, 
hut tlu giouiulinass is hnc-giaincd Natuial size 

loose .U tlie time of falling, they may become consolidated in the 
couise of time oi, bcfoic this occuis, they may be sorted and rede- 
positcd in watei so as to sliaie the natuie of a true sediment. They 
aic made up of small fiagmcnts of volcanic glass and of all the 
component minci als of ihyolite and even some othei rocks. Larger 
fiaginents of rock and volcanic bombs make rhyolite breccias. 
'ruffs of ancient geological date become metamorphosed and re- 
crystallr/cd, so as to afford products not to be easily distinguished 
fiom compact fclsitcs 

Synofiynis and Rclaliva —The name rhyolite was first given 
by von Richthofen in i860 to the rocks which had previously been 
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called quartz-trachytes About a ycai afteiwanl Justus Roth suk-- 
(jested hpdittv foi the same (jioup, a name deiued tiom the 
Lipan Islands between Naples and Sicily, when* these uhIvs aic 
charactcustically developed, and hpantc m consecjuciue is much 
used by hluiopcan ueolofjists. 

When both these nanus uue appUeii and first used, the\ utte in- 
tended for 'leitiarv and latti <iupti\es alotn. 'I he pie'l<rtiat\ lepn- 
sentatives were called t/uuttt f*orph\ttt \ With the tluippc aiatu< <it tins 
time-distiiu tion the .term **<juait/ potphstc** betaine testiutid tt» the in 
trnsive tlikcs and slucts with then those tt stuns as tuntiastctl with the 
ilwolites proper or surface ihms It is tiou piattualh i s\non\in ot ih\t>- 
lite-porph\ry, anti wlnresei possible the dat itt ptiipliMics, alsu t uiMiip 
quart/,, should bt distiujiinshed 'I he teirn ilutditi poiph\i\ is pnttirnl 
to ciuait/, poipliMN becaust it jHumits the me ot analtipous and umtunn 
names all thouij;Ii tin clans ot qunous lotks 

Rlryolifes pass by insensible gradations into glasses on one sith, 
tiadiytcs on another, fjranitcs on a thud, and clacites on a iouttli 
Without the microscope ih>olitcs can be identified with ccitaint\ 
only by lecoijni/injj the ciuart/, and may then be confused with 
daertes “rhe striated feldspar of the hitter is our clmi means of 
distinction between the two. Where both oithochise and pli(»io- 
chise occur with e|uart/ in phenoirysts, the rocks arc (/thu t huiit- 
pof phytics, or with excess of phcnoci)sts titunf.* r)«//r -/o»;- 

phynrs 

^thet attnn — Oidinarv wc^ithennj^ leads to tlu formation of 
clays and kaolin In metamoi phic alterations the ih\e»lites pass 
into very finely crystalline a(j(jie(*;atcs of quait/ and feUispai, ami 
then It IS difluult to decide what minerals arc enijjmal and wliat 
secondary, and wluthei the oirjjinal rock was a rnassise one or a 
tuff Sheaiinjj stresses elcselop schistose structuie*s, and when li\- 
ehothciinal attack accompanies thorn, may result in seiicite schists, 
wdiich are extremely difticult jjeolofjical jnoblerns 

Ihsttihulwn — Rhyolites uie cornmem in the Western States, 
and arc well known m the Black Hills, m Yellowstone Park, m 
Colorado, in Nevatia, botli near luneka and near the Comstock 
lode, and m California, The rhyohte-porphyiics have been met 
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in niiiny Western distiicts, but aie of especial importance at Lead- 
ville, wheic tliey die intimately associated with the ores. Rhyolite- 
p<)i[)hyiies have also an impoitant development on Lake Superior, 
in both the Aithean and Keweenawan series The greater part of 
the liouldeis in the Calumet toppei-beaiing conglomerate consists 
of them, and Lighthouse Point, near Marquette, fuinishes an 
outtiop Along tile Atlantic Coast the pre-Cambrian rhyolites 
(Iclsites) aie known fiom New Biunswick to Pennsylvania Re- 
cent ihyolites aie in vast quantity in Iceland Many are known 
in iMiiope, but the enoimous development in Hungary is especially 
woithy of note 'Phe sheets of ihyolite on the Lipaii Islands 
suggested the name lipaiite In the Tyrolese Alps rhyolite-poi- 
phyiies aie ol gieat extent, and in Scandinavia and in Cornwall, 
they loiin nnpoitant dikes 

Rhyolite tulls aie abundant along the eastern foothills of the 
Fiont Range ol Coloiado, and aie extensively quairied for a lather 
soft buiUlmg stone Beds of loosely coheient volcanic ash are 
widcspiead in the states east of the Rocky Mountains Their 
giains aie sliaip bioken bits of glass, equivalent to powdeied 
pumice, and the lock is a uselul abiasive 

Pii \\i KM I s ()!• I nr Tracmh ri'-SyrNii r Clan 

M nu mhxfu Com positiou^ Vanchcs — The syenites cmbiace 
a giou]) ol I oiks ol consideiable divcisity The name syenite was 
suggested by S\eiic, now Assuan, an Lgyptian locality, whcie a 
hoi nhle rule gi anile was foimcily obtained for obelisks, and if its 
local signilie.ince weie peipctuated, the name should be applied to 
this lock But Weinci used it in the last ccntuiy for the well- 
known lock horn tlic Plauensehcn Grund, neai Diesden, that con- 
tains only a little (piait/, and of leeent yeais collect usage implies 
little oi no (juait/ 'Pypieal syenites have oithoclase and horn- 
blende , those with biotite aic called btolile-syentlc^ Some plagio- 
elase, magnetite, and in mieioseopie giains apatite, and ziicon, aie 
invai lable 

When plagioelase becomes conspicuous, or nearly equal in 
amount to orthoclasc, the locks aie called monzomtes, and they 
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mark a tiansition to the tlioiites Oiiiitunily tlu* oi t hot last.* Is 
leddcr than the plaKioilase, ami \\heie\ei fehlspais of two lolors 
aie scon side by side, one is likely to he planimlase i he teldspaiH 
of syenites tend to he sliKhtly moie sothe than those of yianites 
and peihaps foi that leason moie iath-like in foiin Man\ s\enite8 
have onented leldspai laths, ioimin(' i/Menum/ Seveial 

syenites have exceptional coaise fehlspais scatteietl in a noiinul 
gianitoid matiix, 1 oitnin(?/>o//»/ivti/n ivem/ei. S\enitesau known 
in which all the (jrains aie coaise, foinutiK wrmir piuimaiUt », hiit 
they are much less common than )>;ianite pc^'inatitcs Daik hiotite 
syenites in dikes, especially if of sujtaiv tcxtiiie, oi with piieno- 
crysts of biotite m a su^jaiv y;ioundmass, base been » ailed minrtlff. 
'I'lie coi respondiiif' daik dikes with hoinhlende am! smh textiiies 
aie called tvic/ew/ei Both these dike loiks wiatiui easily and 
belong with lainpiophyies (page 06) Wheie tin daik nmuial 
IS augite, we have tini/iir-w'fnitt', and laiely sonic oflui daik min- 
erals form other vaiieties A \eiv basic augite svemte om 1 (;o 
per cent daik mineials oicuis at Shonkin Sag m the Ilighwood 
Mountains, Montana It shows that oitlioilasi is not siiutly 
limited to acidii, Iight-coloicd loiks Still the tahh on page 
expicsses the geneial tiuth, the exceptions hung \ei\ laii nuks 
With high soda, the mine i al socialite may develop and vie Ids 
^odaltte \\ruitt’s which aie passage fennis to niplieline sveniles 

'Fhe aveiage sM*nite has about So pe i cent fehlspai, peiliips 
50 to 7<) pel e'eiit of whieh is eiitlieieiase , leaving about ’e» pe i cent 
foi daik mineials, hoinblende, biotitc, pyieixciu, eii a inixtiiic 
Magnetite and ipiait/ aie in yeiy small amounts 

Rt'luliou\hips, — Syenites aie elusel) allied to giamtes on one 
side and nephelite-svenites on the otliei 'I hey also giade tliiough 
mon/onites to dioiites, and the augite syenites may giaele to 
gabhi os 

Geolatjn Oaunemc — Syenites aie abundant as boiilei faeies 
of granites, and as satelhtic stocks lelated to laigei gianite batho- 
liths Some, how'ever, form independent dikes and masses of 
irregular shape, as do the gianites 

Alteration — 'Fhcte is little to be said that was not covered 
under granite 'I'lie rarity of syenite makes comment unnecessary- 
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In mct.imoi pliism and by lit-par-ln injection, syenites pass into 
gneisses 

Dt'iltihution — Syenites occur in large volumes in the Canadian 
Shield and the Coidilleia In the Halibuiton-Bancroft area of 
Ontario, syenite is tiansitional between granite and nephelite- 
syenitc A well-known syenite is associated with the anorthosite of 
the Adiiondack Mountains, and probably that association is char- 
acteiistic of anoithositcs in many places Minettes are prominent 
in the group of ladial dikes at Spanish Peaks, Colorado, and one 
IS known on Conaniciit Island, Rhode Island Syenites occur in 
the gieat Igneous complex of the White Mountains They form 
huge knobs and dikes ncai Little Rock, Ark, and a dike is known 
in Custer County, Coloiado Some stocks and laccoliths of syenite 
in Montana aie well studied Mon/onites aie not restricted to 
Mon/oni in “^Pyrol, but aie widely exposed in the Rocky Mountains 
The syenite qiiai i les in Laui vik, Norway, supply a dark ornamental 
stone with a blue cliatoyancy 

AiMIANIIJ'S or JHK TRACIIYTI--SYFNITh Cl.AN 

Gnu’itil I)i'\( npitott — The Tiachytes have the light-colored 
inineials in excess 'Fhe feldspais arc much the most prominent 
components and giv'c chaiacter to the lock Quarts practically 
fails altliougli an occasional ciystal may be seen Biotite is per- 
haps the most common ot the claik silicates, but both hornblende 
and augite aie well known As with the ihyolites the prevailing 
colois aie light giays, yellows, and pale leds, with occasional 
chukei shades 'I'he tiachytes affoid glasses much less often and 
less leadily than the ihyolites, and show a greatet tendency to 
appeal as thoioughly ciystalhne rocks 

The textuies of the tiachytes langc from fclsitic to coarsely 
poiphyiitic The Ttadiyles proper are felsitic or slightly porphy- 
iitic locks, some of them cellular from their crystallization as sur- 
face (lows When finely felsitic they cannot readily be distin- 
guished fiom rhyolites, clacites, and andesites without microscopic 
examination, and then felstie is the only name which can safely be 
applied to them. Many trachytes have a flow structure, m which 
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clongatal fclilspais point In the duettion oi How, hut it is tuiely 
seen except uiulei the iimioscope. It is so common tli.it all such 
stiuctuies in lelsitic locks ni.iy he calleil ti.ich>tii. 

With the development ot phenociysts, the e\.ict deteiiniiution 
ol the tiiichytes hecotnes less diHuult. <iu.iit/ t.uls .uul teldsp.uH 
constitute the pioniinent poiphyiitte iivst.ds (hig ii) I he 
(ricatet numhei ol the leldsp.us should show no stii.itioiis when 
the clcMv.ijje f.ices .ue e\.immed with .i lens 'I'lie cle-ii \itieous 
vaiiety of orfhocl.ise which commonly .ippcMis in the hitci voh.inic 
locks and especially in the ti.tchvtes is c.illed s.inuhiie I lu il.uk 
silicates, thou});h \isihle, constitute hut .i suhoidin.tte p.iit ol the 
lock 



Im(» poiph^iv, (JtKxl Spimi^fM, N’t\ u! i, \%jfh t r ptton ilU I in''f phfiitt 

<i\sCh i)i ot (hot 1 iHt \Vi h looMtiud hoiik phtttiuf\tiN thoxMt ttiHuJt 

lh( io<k Nattij il M/c Caxiittsy oi the Mill Hook ( omp uin 

Wlieie the phenoci vsts .iie .ihuiul.int these locks .ue Ttiiili\lt~ 
poi 'I'he celluku stiuituie is not common, hut the f.uound- 
m.iss is dense .iml lelsitu 'I'he inteiiois ol thick Hows, the dikes, 
the mtiusive sheets, .ind the outei p.uts of huioliths .ue then 
spcci.ll homes 

Wlieic phenociysts .ue m imuked excess ovei the }{iouneim.iss, 
the locks aic Syrmte-por Whetc the phenociysts are nu- 
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merous, they are Kcncially larger and the gioundmass between 
tlicm IS slightly toai scr than m ti achyte-porphyries These rocks 
ai c met in deep-seated dikes, in thick sheets, and in the central 
parts of laccoliths They mark a textural tiansition to syenites. 

Synonyms and Relatives . — The name trachyte is an old one, 
having been fust given in 1822 by the Abbe Hauy to volcanic rocks 
fiom the Auvergne in h'rance, whose rough and rasping surfaces 
suggested Its creation fiom the Greek adjective meaning rough 
h'or thirty yeai s or moi e, it was used for the light-colored volcanic 
rocks which now include all the felsites, — rhyolites, trachytes, 
dacites, and andesites, and in earlier writings the word must often 
he inteipielcd in this gencial sense Foi many yeais subsequent 
to i860 and alter its mineialogy became defined as now, it was 
lestiicted to the lavas of Tertiaiy and later age, while “porphyry” 
was employed for the coi responding rocks of earlier geologic time 
Poiphyiy, wheie accurately used, is now a strictly textural term 
but in common speech it is applied loosely to almost any eruptive 
which happens to be associated with an ore-body in the Cordilleran 
1 egion 

When soila is especially pionounccd in the composition of a 
inembci ol the tiachyte stiies, it leads to several mineralogical 
vaiiations liom the type 'J'hc piincipal feldspai may be anoitho- 
clasc, without change in appeal ance, but if phenocrysts aie paitly 
oitlioclase and paitly plagioclase, the locks aie called lalite- 
funpliyiv, 01 with jnedominant phenociysts monzontle-porpJiytv 
1 hesc aie tiansitional to andesite-poi phyiy and dioiite-porphyry 
In any lock wheie two abundant feldspai s have diffeient colois, 
It IS to be suspected that one is oitlioclase and the other plagioclase 
h'uithei inciease in soda gives locks tiansitional to phonohtes 

AUeuilum — I’he alteration is piactically the same as that 
desenbed undci ihyolites 

Ihsltihttlwn — Tiue volcanic tiachytes are rare in this country, 
for many of the cited localities, as, for instance, some of those in 
the leports of the P'ortieth Parallel Survey, have been shown to 
be andesites Beautiful examples do, however, occur in the Black 
Hills, with superbly developed orthoclases Others are known in 
Custei County, Coloiado, and in Montana The trachyte-porphy- 
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lies occut in nuiny dikes m the West. !• \u*ption.illy line e\.implcs 
•lie collected .it (loodspi iiijj;s, Ne\.id.i In smitluMst .Missouri, .it 
lion Mount. un .iiul Ihlot Knob, they .11 e \eiy .ihund.int .\l.iny 
interesting dikes of them occut amimd I ..ike C‘h.iinpl.im, .iiid .iinonK 
the pre-C.unbi ian volc.inic 8 of the .\tl.intic C'o.ist they ,iie not 
hickintt; Abro.id ti.ichytes .11 e lotnnton, iiot.iblv .dong the Rhine, 
in Saiclinian lava (lows, in lt.ily, in the \ii\ eigne, .iiul in the ,\/oi es. 

Traihste 'I'liffi .lie not common in \meiu.i .iiui .11 e not veiy 
different from the ihyolite tuffs, except tluit they Kick iiii.iit/, .ind 
this may he too line to detect by the e\e 


PlIANKRITKS OF Till- PtlONOIIIt -Nt !'HI I INI -S^ I Mil t’l \N 


Mnu’talotfu Cotnpoutmn, f'nriflit \ — 'I’lit nepluliiu locks .iie 
rare and seldom iccogni/ed by geologist*, m the held I),ilv esti- 
mates that all nephelinc locks togetliei make less than t pci cent 
of the igneous locks 'I'lie mineials of iieiihtliiii-svcnitc .11 1 m 
genetal the same as those of syenite piopei, with the addition of 
ncphclme and scveial mmeials m which the laie caitlis ciiln as 
bases Zircon is widcspic‘.id and at a few plans affoids megascopic 



Jk. 22 — Nfpheline iiv«tutc, Bushvdet tuinplrx Nt.phclinr tn htiHks hrxaicunal k<' 2 »*'' 
weoihcTs to differ from frldHpars, AIhihI natural xi/c. Courlrsv of ihr MtOiaw 
Hill BiHik Company. 
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crystals, so that the rocks were named ztrcon-syemte before the 
ncphehnc was rccogni/ed 

The texture of nephehne-syenites ranges widely. At places it 
IS very coarsely granitoid or pegmatitic, and elsewhere it is gneis- 
soid with 1 (ids of feldspai , more or less in flow lines Porphynttc 
ncphelint’-syemles aie known (Fig 22) 

A great many names have been proposed foi different nepheline 
locks, but they are based on slight mineralogic differences, and are 
not to be recommended The best names use, as a prefix, the name 
of the dark silicate, thus* btoltte nephehne-syemte, and acmtte ne- 
pheltne-^yemte Acmite, the sodic pyioxene, is logically to be ex- 
pected in rocks so rich in soda as to form nepheline It is more 
needle-1 ike than most pyroxene and may be mistaken for hornblende 
in hand specimen study " 

With tlie nepheline aic commonly other feldspathoids such as 
leucitc, and tlic names of these minerals also may be used as quali- 
fying piefixes to the nephehne-syenites These may occur without 
nepheline, hut such locks aie so rare that their classification is not 
much of a pioblem They are lemtle-syenttes, etc , but lelated to 
this chin 

The nephehnc-syenitc clan, however, is a difficult clan for the 
student Nepliehnc is haul to identify with certainty so that 
whenevei it is suspected foi any leason there aie a numbei of 
points to obseive 01 tests to make 

( I ) 'Die 1 ocks commonly have a greasy luster from the nephe- 
hne (2) Nepheline in phenocrysts foi ms stout hexagonal prisms 
with basal pinacoitls (3) Nepheline weathers mote rapidly than 
the ftldspai, and the simple fact that something m the lock weath- 
ei s ditfei ently may lead to the suspicion of nepheline Large grains 
lesult m pits on the suiface of the rock dusted with white or 
bluish gray (4) The piesence of quaitz at once throws out all 
suspicion that nepheline is picsent (5) After all these points are 
given due consideration, most students still feel a good deal of 
doubt in the determination and make a test for silica jelly A 
small sample of the rock in question is powdeied and gently warmed 

“ It was formerly the custom to refer to pre-Tertiary nepheline as eleolite 
(or elaeolite), but this is gradually falling into disuse 
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in dilute (i 0 nitiK ni livdiinhlniu .uid '1 he nepliiliiie passes 
rciulily into solution .iml when the liqtml is d(i.int<d liom the 
undisMilved fji.ims .uul is hoihii ilown well tow.iid divness, tjela. 
tinous silita lesults No otlui unninon, loik-in.ikintr ami I'elatin- 
i/inu niineial is so easily soluble as nephthne, ami olmne alone 
approaches it 

'I'he aveiatje nejihehne-syemte has about So pei cent h^jhl inin- 
eials and 20 per cent daik, the lattei \eiv coininonlv a sodic 
pyioxenc. The h}?ht mineials lan^e wulcU but avciayc o\ti iq 
pci cent nepheline, with inucli [lotash Icldspai, some jda^ioilase, 
and tiiues of othei ieldspatlioids 

Kt'fiiti(>ti\lit[n — 'I'lie iiephc line -s\ emte s ate closeh 1 dated to 
the tiiic syenites, and to the phonolites, also to sonic laic loiks 
containinf' nepheline and pla^ioelase 

Crolotjii ()<tuitnin’ — riie mplie line -s\e nitcs aic cs[)<iidlv 
prone to appeal as iiiefjulai intnisives, and at places aloiiji; the 
bordeis of bathohths of j'lanite wlieie in eontael with him stones 
01 othei basic loeks Ftoin then eoinmon iiiemilaiitv in textuie 
and composition, ami fiom then small total \olunic .ind lelations 
to jjianites ami othei loeks, has eonie* the su^nestion that special 
conditions aie needed foi then foim.ition, such as a hi^h conccn- 
tiation of mineiali/e IS in the late* lesidual m.ij>ni i, 01 the contami- 
nation of magma by basic inclusions and walls Some mphelim- 
syenites may ha\e been foimed b\ the action of magmatic c inani- 
tions on then wall-ioeks lathci than !>> diieet cooling of magni 1 
'This IS eonfiiineel by the common pi esc me of some tt) and othei 
‘‘mineiali/ei” innuials IhohabH some liace foimed m ditlcicnt 
ways fiom otlicis, foi the phonolite Hows shove that a magm.i with 
the composition of this clan can exist umleignnind and be mtiuded 
and extiuded 

Jltt’Hilion — In aeldition to the altciation pioducts of gianite 
and syenite, theic* may he foinu*el fiom nepheline some /eolites, 
muscovite (hehenei ite) , kaolmite (gieseckite), and cam unite De- 
scriptions of metamoiphic locks taiely lefet to tins elan paitly 
because nepheline locks ate laic to begin with and paitly because 
the nepheline may be lost in inctainoiphism. 
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Dtsltihulwn — In spite of their small volume, the nepheline- 
sycnitcs have been noted in a number of American districts, in the 
Monteiegian Hills of Quebec, m the Haliburton-Bancroft area, 
Ontaiio, Litchfield, Me , Red Hill, N H , Salem, Mass , Beemer- 
ville, N. J , near Magnet Cove, Ark , in central Wisconsin, in the 
San Cailos Mountains, Tamaulipas, Mexico, in the Ice River 
dihtiict, Biitish Columbia, and at seveial less well known localities 
Abioad, a section in the Monchique Mountains of Portugal, the 
example at Ditio, Hungary, and the wonderful dikes near Chris- 
tiania, in Noiway, so prolific m raie minerals, are of especial 
intciest I'he largest areas are in the Kola peninsula of Russia, 
in Pilansbeig, South Afiica and in Julianehaab, Greenland 

'rill' AiMIANIII'S ok IIIK PlIONOI ITl>Nl'l»ni.IINL-SYFNITE ClAN 

Ci'tirnil Dt’sdipHon — Most phonolites aie gray oi gieen and 
laicly distinguishable in liand specimens fiom tiachytes and ande- 
sites riioy shouhl be called felsites. In the aphanites nepheline 
IS laitly coaise enough to be iccognired without the microscope, 
anil the tests and obseivations desciibcd for nepheline in the phaner- 
itis aie even inoie important when its presence is suspected for any 
icason 

'I'he Phonohlcs ptopn aic felsites, ehai aetci istically dense and 
lomnionly svith a slabby paitmg They form suifacc flows and 
lllkts 

'llu Phoiiohlr-poipliviu’s lesult when the phenociysts become 
notably alnindant '1 he phenoeiysts aic then chiefly oithoclase, 
aeinite, and pel haps an occasional sphene Nepheline m pheno- 
ciysts IS known horn only d few localities Ihc phonolitc-porpny- 
lies ocelli in dikes and intiuded sheets Ncphchne-Syenilc-por- 
pliyny is known but is a lare lock 

Svnonyvi': and Rclattvcs — The name phonolite is an old one 
It was given by Klapioth in i8oi to the rocks which had long een 
called clinkstone and was meiely the Gieek equivalent of this co - 
loquial teim The phonolites have more soda and alumina than 
the tiachytes and at the same time not enough silica to form albite 
(see page 19) Where Icucite occurs without nepheline, the rock 
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IS a Ifudte-tuulf^te, but is moie il«)scly icl.itfil to the piumolitcs 
than to the othci ti.uhytcs beiausc it is umlci satin .ital with siliia. 
With iniicasc of phigioihise ami the daik .silaates, phonolitcs 
giailc into basaltic loiks with nepheline. 

Altenitwns. — Nephclinc ihanges leadily to zeolites ami fehl- 
spar, while leucite yields aiulume. Mctamoiphu pioiesses ate 
yet to be studied 

Dninhntion . — 'Fhc true volianii phonolites aie known in only 
a few localities in this lountiy, sitili as the Htiuk Hills ot South 
Dakota and Wyoming, and the Cripple Creek mining distiut of 
Colorado, whete the dikes aie assot rated with gold oies A basic 
phonolite is exposed in the Uvalde distiut, 'I'exas Poiphyiies 
with nepheline or leuiitc octur neai Magnet Cove, \ik , ami Beem- 
crville, N. J. A Icucite lotk gives the name to the 1 imite I lilK, 
Wyoming, and suth imks aie known in the 1 Iighwoml Mountains, 
Montana, and near Rio de [aneiio, Bia/il Phonolites aie well 
known in many pints of fjeimanv Phe satieties with hiuite aie 
especially famihai fiom the sicinity of Kieden, in the extiiut vol- 
canic district of the I', ifel Seveial pioinim nt phonolites hav< luen 
disioveied in South Africa and in the (iicat Kilt Valley ol lastiin 
Afiica 



CHAPTER IV 

THE IGNEOUS ROCKS, Continued 
The Dacite-Quartz-Dionte Clan The Andesite-Dionte Clan 

PlIANFRITRS OP THE DaCITE-QUARTZ-DiORITE ClAN 

MtneraJogu Compontton, Varieties — The quartz-diorites are 
gianitoid locks which contain plagioclase as the chief feldspar and 
qiMit/ as an essential component From all other granitoid rocks 
except granites, the quartz-diorites are distinguished by their 
quart/. From gianites the prevalence of striated feldspar is the 
chief distinction Where a little orthoclase appears the rock is 
(jianodwriie, and where two feldspars are nearly equal, quartz 
monzonite. The daik silicates are biotite or hoinblende or both, 
and these mineial names are prefixed to indicate mmeralogic vaiie- 
tics, as htohie quartz-diorite, and hornblende quarlz-diorite 

'The tcxtuies of most quartz-diorites aie medium gianitoid, but 
some fine granitoid dikes are quartz-diorite aphtei Where a 
quai t/-tlioi itc of medium gram has notable phenocrysts an inch or 
moic long. It IS a poiphyritu quarlz-dioiite, and at a few places a 
lock with all the giains coaise, is a quartz-diorite pegmatite, cor- 
lesponding to granite pegmatites and probably formed in much the 
same way The common plagioclase, hornblende and biotite of 
this clan, aic chaiacteiistically lath-like or platy, and many of the 
intiusivcs of this composition show flow structures — they are gneis- 
ioid quartz-dioutes or granodiorites 

The average quartz-diorite contains about 20% quartz, nearly 
60% feldspar, and 20% of dark minerals, usually biotite or horn- 
blende There is a little magnetite The potash feldspars are 
negligible except in the fairly abundant granodiorites which average 
about 15% potash feldspar and 45% plagioclase 

Relationships — The quartz-diorites are close relatives of the 
granites on one hand and the diorites on the other To the granites 
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^(, 'Pill- KiNI-Ol ^ KJK’K'^ 

tIuMC IS an easy tiansitKin tliiounh >»i ano-»|ioi ites ami <niait/. 
inon/onitcs 

(ifolin/udl Oiiunrutt — 'I’lir (|uai t/-ilH»ntos hum hatlmlitlis 
ami (likes 

Jltfnititiu — 1 he alteiatmn is in all essditials siimlai li> that 
of fri.initc. 

Dt'.nibution — (inaitz-ilimites appeal m a few aieas in the 
crystalline rocks of the eastern I'nited States, notahU neai Pieks- 
kiil, New Yoik. Otheis aie known in Yellowstone I’aik, at 
Maiysville, Montana, ami in the Sieiias. (ii ano-ihoi ites au ahiin- 
(lunt in southwestern states ami wulely siatleied in the (. anadian 
Shield 'I'he Bouldei hatlmlith ut Hutte, Montana, is a famous 
mass, paitly jj;iano-dioiite and paitly ipiai t/-mon/oml( 

Ai»n win s oi nn I)\( in-(.)i vkiaDiokiii C i w 

Gnicidl I)( \tiif>titni — I lu Dailies aie a "* 'oiks wlmh 

so stioniily lesemhh tlu ihyohttsthat it is diflutih foi the slmhiit 
to distmp;uish them without nmiosiopu oi duiimal woik I lu 
Ii^ht-(oloied miiu lals, (|uait/ and fddspai, f{iv( diaiadci to luith, 
hut in the dacitis the piedominaiit lildspai is a planu'dasi ot 
aiidic oi imdium (om])ositioii Hiutiti is piihips tlu most uun- 
mon of tlu dai k silii at( s, hut hoinhhiuh is lu \l and au^iti appi ns 
111 some Otlui mimialsau laidv \ isihle to the i \< 1 lu jui- 

vaihnu (olois aie hjfht nia\s, \dlows, and pall iids (dassis uul 
cellulat huas ai( not uiuommon 

'I'he DiiiiU'i ait lihih\ .ind not dislinnuislu d liom 

othei felsifts in h.iiul spitimins I lu y lanm fiotn dt nst to i<l- 
lulai, and wheie a few small pheiuunsts apptai, tluv niadi to 
daiite-poiphyiies in whith the d(a\a|j;( fates of Iddspais lutd 
study with a lens 

Wheie jilunotiysts aie alumdant these loiks aie Diu {th\- 
iit’\ (hif? p. 2^) 'I'he tellulai stimtuie is not tommon, hut the 
p;ioundmass is dense and felsitie (iuait/ and stiiated plajjiodases 
foim ietop[ni/ahle pheiioeiysts 'I'lie mleuois of thuk suifate 
flows, the dikes, the intiusne .sheet!*, and the outet paits of latto- 
liths ate then special homes 
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Where phenotrysts aie m marked excess over the groundmass, 
the locks are Quartz-dtorite-porphynes. Where the phenocrysts 
aie numeioub they are generally larger, and the groundmass be- 
tween them slightly coaiser than in dacite-porphyry These rocks 
ai c met in deep-seated dikes, in thick sheets, and in the central parts 
of laccoliths 'Fhcy mark a textural transition to quartz-diorites 



I'Kr — Dadtt poipliMV, Ml Shasta, California About two-thucis natural size 
CViuiUsy of the M(Oiaw-Ihll Book Company 

SyHO)i\'7?is (171(1 Rrldlnrs — The name dacite was created in 
by an Austiian geologist, G Stache, who had been woiking 
upon the ciuptivcs of the province of Dacia, now in Romania 
known as (ht Sicbcnbingen Under it was embiaced a senes of 
lotks somewhat indefinitely called by eailiei lithologists andesitic 
(juai t/-ti achyles, and othei undesiiable names The name dacite 
has pioved to be a useful one and is universally employed today 
Vai leties aie made on the basis of the daik silicate present such 
as 7711 ( (I (iddtVy oi Iioi iihlcndc ddute. The dacites are close rela- 
tives of the andesites into which they grade with increasing basicity, 
and with the disappeai ance of quaitz They aie also very closely 
akin to the rhyolites and to intermediate locks between rhyolites 
and dacites, called (jiiartz la hies, recognized only if theie are pheno- 
ciysts of quartz and two feldspars Quartz porphynte is an old 
synonym of dacite-porphyry. 
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Jlii'talioti, Mftdmotpln\m. — 'I lu* altciatum tin- daiitcs ij, 
piattically like that oi tiu* iliyolitcs, but the gieatei aluuulaiKe of 
M)da-hmc ieldspai may yield mote lalute The liglit-ioloied sili- 
cates chan)i;e to kaolinite In inetamoiphism the daiites yield 
siliceous sthists espeiially when f^teatly mashed oi sheaied 

Tuffs — 'riie tuHs ami bieciias aie essentially like those of the 
ihyolitcs. 'I'liey cannot icadily he ilistinj^uisluil without the mi- 
crostope. 

Ihstubulwn — Dantes usually appeal as subonlinate memhets 
in ciuptive legions wheic the andesites aie the ihief totks '1 hey 
are therefoic widespiead in the MiUanii distiuts ol the t ouhlleian 
regions of North, Cential, ami South Ameiua (juai t/-Iatites 
have been noted in the mining distiuts ol (»Iohe, \ii/ona, and 
Tonopah, Nevaila, and otheis. 'fhe Ia\as ol Santoiin aie dautes 
and quait/. latitcs. 

PlIANI Kill S ()!• nil \\M)I sin -DlORIll C I \s 

Mtncteiloi/u ('.om position — '1 he diontis aie giamtoid igiuous 
locks, whose chief Ieldspai is plagioclasc and wliost ihut daik 
silicate IS either hoi nhleiule OI hiotite Soiiu aiigiti iiia\ hepus- 
ent, marking a passage to the gahhios It is howtsci a iiiatlii ol 
much difhculty to distinguish hoinhhiule liom augitt with tin <\i 
alone, and unless the ohsiiMi lan make in tain ol the ihavagts 
appi oximately 120" foi hoinbltmU, and «;o foi augite — doulit 
may aiise In the tyimal dioiites tin lildspais an in maiked 
excess ovei the daik siliiates, and contiasts aie thus alfoided with 
aveiage gahhios, hut the name dioiite in oidinaiy use is oltni 
applied to locks with a decided excess ol hoinhUiidi \dditional 
difficulty in the sliaip application ol the woid aiiscs because uiidei 
the influence of metamorphism oiiginal augite changes leadily in 
whole or in pait to hoiiihlemlc, and a mineialogical aggiegate 
thus results which coiiesponds to clionte, yet which did not crystal- 
lize cliiectly in this foim. 

There is a dc'iuled dispositiim among students of loiks, espniallv when 
working with the microscope, to appl> the name dioiitc to those varieties of 
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tilt* pLif’iitKlci'iC locks whose feldspar is more acidic than labradonte; that is 
wlien the planiocl.ise comes within the oligoclasc-andesine ranges. The dark 
silicate may then be hoinblcnde, biotite, or pyroxene The rocks with the 
mure basic pLigioclases .ue classed with the gabbros Without the microscope, 
howevei, these distinctions <unong the plagioclascs are impracticable See pages 
47-48 foi .1 discussion of this pioblem 

7 'hc name clioiitc was fiist applied m 1822 by the Abbe Hauy 
It IS derived fiom the (Jreek verb, to distinguish, and was suggested 
by the fact that, in the lotks first named, the white feldspar could 
be easily distinguished from the black hornblende. In the course 
of time it became a very widely used field name among geologists 
and miners 

V aitelies — The vaiieties bioltlc dtonle and hornblende dtorite 
aie abundant, and the possible anqile dwrilei have already been 
noted If potash feldspar is neaily as abundant as plagioclase, 
the rocks aie monzomles Dike rocks with sugary groundmass 
and the composition of a biotite dioiite are called kersantite. Simi- 
lai dikes with laige hornblende phenocrysts are camptomle. These 
aie membcis of a gioup of dike rocks called lamprophyres (page 
96), in which distinctions aie difficult without the microscope 
Conti asting with the dike locks that are so fine as to be almost fel- 
sitic, tliere ai e coai se dioi ites that may be called dtonle pegmalites, 
but these aie much less common than the quait/;ose pegmatites 
'File clioritcs with phcnociysts aic best called porphyrtlu dtoriles, 
and tliose with (low stiuctuies are qnetssotd diotiles Orbicular 
dionlrs aie known fioni seveial distiicts A considciable number 
of dioiites with giain about i mm , occui m sills of moderate si/e, 
and aie veiy difficult to identify and distinguish fiom gabbro, 
because the feldspai is giay and because hoinblende in such small 
grains is not easily distinguished fiom feldspai and augite It is 
common to use the tcim dolertle (meaning deceptive) to indicate 
that the 1 ock may be a dioi ite 01 gabbro, but that, because of the 
fine grain, there is uncertainty between them ^ 

' I'lic English peti ographers use the term dolente for rock with plagio- 
clasc needles earlier than coarse augite, — a diabase (see page 98), and many 
dolcntes as here defined are diabases. 
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'I'hc .ivci.iKt‘ (Iioiitc iont.uns about [)l.ijfiotI.ist* ,iiul 315% 

fcnomatriiciiMii mimuals — biotitc 01 liojublemic 01 both, with 
minot .imounls ol pyiovciic. M.i|j;m*titf, (juait/, aiul potash JcUU 
spurs aic raicly inoic than ont* pci iciit With iiuicasiii)' p«)tash 
fcldspai they tluouHli inon/onitts to sM'iiitcs, aiui with 

iiuicasiii); pyiovnc tiicy fjiailc to i^ahhio. 

Alieidlion, Mctanint j>hi\m . — In otthnaiy altciation the IcliU 
spar of clioiitcs kaolini/cs ami t!ic hoinhlciulc ihaii|{(s to ihloute, 
aiIor(]iii){ one of the \aiietiesoI thi so-iallul niccnstoncs. I 'lulei 
shcaiinj; sticsses in inetanioipliisni tlic liioiites pass into ^luissts, 
and into hoinlilemie sihists 01 ainphilxditcs In mans mining le- 
gions even deiuledly sihistost \aiuties aic still lallul diontt A 
iinal stage is chIoiitc-.s(.htst, \\hiicin tiic lioinhlciuU has altiied to 
chloi ite 

Dislnhiilioti — Dioiitts foiin faiilv laige pails ot some of 
the hathohths oi the CotdtlUia and the C anadi.in sliuld anas 
Mt Davidson, .iho\e tiu (.oinstoik I odt, is iitliii a tiui dioiite 
ot a gianitoid fauis ot tiu andesiti, imt aiithontus diltii as to 
Its mteipietation Dionlisau well known ahioad, and hast lutn 
desiiihed iioin vaiious plaies 

AiMtXMiisoi tin Andi sn I -DioKin (. 1 w 

(ti'Hfnil Dt'si rifitiini — I he Xndesitis uiihiau a laigi and 
wide-spiiail gioup ol iiuks, wliuh maiks an iinpoitanl step tiom 
the inoie atidu to tiu inoie h.isu hniils ol llu igiuous ilans Its 
iminlieis aie unpliatually nuks ol nudiuin .uiiiif\, with tiu Iight- 
loloied niineials still in excess o\ei tiu daik-iolou li oiu s llu 
feldsjiais aie tiuuloie the most piomincnt compomnts but llu u 
iscoinnionly niutli nioie fei loniagnesian silicate than in llu dailies 
(juait/ lads except as a laie and spoiadu component Hoin- 
hlencle and augite begin to take piecedence <uei hiotitc, hut all 
thiee aie common riu* pi evading colojs aie giavs ot giecns, 
mottled by the light and daik plunociysts 'I'licy laiely alfoid 
huge amounts of glass 

uluiirsiirs pitiftn aie lelsitu in textuie, and the flows that 
contained mineiah/eis ate commonly cellular 01 amygdalotdal. 
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Where wholly fine-grained they cannot be distinguished by the 
eye from other felsitic locks acidic or basic In the average, 
andesites are daiker than other felsites and lighter colored than 
basalts, but there are many exceptions If a few small pheno- 
ciysts are visible the identification of andesites is more definite, 
and the rocks grade into andesite-porphyries. 

Andesile-poi phyrtes have abundant phenocrysts in a ground- 
mass that IS felsitic and dense, without cellular openings The 
inteiiors of thick (lows, the dikes and the intrusive sheets are their 
homes I'hc mineral phenociysts should be studied with a lens 
to find the stiiation on most of the feldspars, and the elongate 
foims of both feldspar and hornblende, minute biotite grains if 
visible can be tested for haid- 
ness with a pin-point A note- 
woithy modification of texture 
lesults fiom clustering of phe- 
nociysts into small gioups or 
losettes, foiniing locks called 
</l<>m<’K)p()t pli\<tu'\ (Fig 24) 

Aiiothci textuial variety is the 
ditihtisr, moie common in the 
hasalt-gabhi o clan (page 98) 

Wheie the |)henociysts aic 
in maiked excess ovei the 
gioundmass, the locks aie 
J)i()tili’-p()i phynt's Whei c the 
phenociysts aie numeious they aie geneially laigei and the ground- 
mass between them is slightly coaisci than in andesite-poiphyry 
'These locks aie met in deep-seated dikes, in thick intiiisive sheets, 
and in the cential paits of laccoliths They mark a textural tian- 
sition to the choi ites 

Synonyms and Relatives — The name andesite was fiist pro- 
posed by L von Buch in 1835 foi certain lavas from the Andes 
Mountains which consisted of albite and hoinblende The name 
did not come into general use until 1858 since which time it has 
been universally employed for the porphyntic and felsitic plagio- 
clase-bearing eruptives of medium acidity Andesites whose chief 
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dark silicate is biotite are called btoiite andesites, those with horn- 
blende, hornblende andentei, or amphibole andesites Aphanites 
with plagioclase and pyioxenes are classed as basalt on page 46, 
but show close lelations to the hornblende andesites (pages 47—8 
and 94) Commonly the rocks with biotite and hoinblende are 
lighter colored than those with augite 

While the time-distmction was still picserved in the classification of 
Igneous rocks, the term andesite was lestiittcd to Teitiaiy and latir lotks, 
and the pre-Tertiary andesites were called potphynte, to winch name the several 
prefixes, mica, hornblende, and augite were attached Later poiphyiite was 
employed for the deep-seated or intrusive andesites, which arc here called 
andesite-porphyry and dioiite-porphyry, but even this use is piactically obsolete 
as It IS certainly unnecessai y 

Andesites with almost as much orthoclase as plagioclase are 
latites, but are recognized only if the feldspars appeal as pheno- 
crysts With the mciease of the dark silicates, especially augite, 
and corresponding decrease of feldspar, andesites giade into the 
basalts The appearance of quartz in notable amounts maiks a 
transition to the dacites Practically unbi oken series can easily be 
selected to all these related groups Piopyhle is a useful teim foi 
any of the aphanites in this and related clans which have suffeied 
some alteration by hot waters so that they aie gieen, fiom chlorite, 
epidote, or serpentine The term propylite means “befoic the 
gates,” signifying that they came before the true volcanics, but 
the term no longer indicates age Having been used at the Com- 
stock Lode, Nevada, it is well known in westei n states 

Alteration, Metamorphism — The andesites weathei to kao- 
linized material and mixtures of this with chloiitic pioducts that 
are very difficult to identify Thus the andesitic breccia at Ciipple 
Creek, Colo, can larely be shown to the eye to be other than a 
white, kaolinized mass, and decomposed outcrops of massive flows 
are no less unsatisfactory Where metamorphic processes affect 
older andesite flows, fine seiicitic to green chloritic schists are 
formed The tracing of the history of the rock is then a matter 
for the microscope and chemical analysis if indeed it can be done. 
The propylites have already been noted 
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Tuffs and Breccias — Andesitic tuffs and breccias are rather 
common in the western volcanic districts With ordinary obser- 
vation they can be identified only by finding fragments large and 
fresh enough to indicate the original Such have proved of great 
economic importance at Cripple Creek, Colorado 

Distribution — Andesites are very wide-spread in the West. 
The vast laccoliths that form many of the peaks m Colorado are 
andesite-porphyries of a lather acidic type, commonly with some 
orthoclasc In the Yellowstone Park they are impoitant In 
Nevada, as at Eureka and the Comstock lode, they have proved 
of great geological interest, and especially in and near the latter, 
with Its many miles of dnfts, shafts, and tunnels, very important 
data for the study of the hydrothermal alteration of rock masses 
have been afforded The old cones along the Pacific, Mt Hood, 
Mt Shasta, Mt Rainier, and others are chiefly andesite The 
products of Mexican and South American volcanoes are also of 
this type, and indeed along the whole Pacific bolder the recent 
lavas have many features in common In great volcanic districts 
abroad andesites arc seldom lacking 
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THE IGNEOUS ROCKS, Continued 

The Basalt-Gabbro Clan. The Feldspar-free Basalts The 
Pyroxenites and Pendotites The Glasses 
The Ultra-Basic Rocks 

PlIANERlUiS OF Till*, BaSALT-GaUBRO CiAN 

Mtneralogic Componlion, Varteltes — The name gabbio is of 
Italian origin, and has been applied in recent years, and with grow- 
ing favor to the great gioup of gianitoid locks which consist, in 
the typical cases, of plagioclase and pyroxene The gi oup is a very 
large and characteristically variable one Originally the name 
gabbro was applied only to a mixtuie of plagioclase and the vaiiety 
of monoclinic pyroxene called diallage, which has pinacoidal part- 
ing as well as prismatic cleavages, but of late yeais all gianitoul, 
plutonic, pyroxene-plagioclase locks aie collectively spoken of as 
the gabbro group In the typical gabbios the dark silicates aic 
about as abundant as the light-coloied ones, but thcie aie a number 
of gabbros with very different mineial latios At the fehlspathic 
extreme we have enormous masses of lock that aie pi actually pine, 
coaisely ciystalline labiacloiitc Pyroxene is the daik silicate hut 
in many locks it is insignificant These puie feldspai loeks aie 
best called anotlhostle'^, from the Fieneh woid for tnelmie feld- 
spai, but the woid is not to be confused with anoithite, the lime 
feldspar, with which it has no special connection Most anoitho- 
sites aie veiy coarsely gianitoid, and seem to have foimed as dif- 
ferentiates of laige bodies of gabbio It is not ceitain that any 
large mass of magma had that composition when liquid 

Many gabbios have ncaily equal amounts of plagioclase and 
augite, and some have small amounts of hornblende oi biotite If 
the pyroxene is orthorhombic, the rock is called norite, but this is 
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rarely distinguished except under the microscope. If it happens 
that the orthorhombic pyroxene is bronzite with its characteristic 
brown color, it can be recognized in hand specimens, but such rocks 
are not common The interest in distinguishing norites arises from 
their association with nickel ores at Sudbury, Ontario, with chromite 
ores in Africa, and with similar ores elsewhere 

Gabbros with olivine are abundant, giving olivine gabhro (and 
olivine norite) Most of the olivine is in small yellowish green 
grains with glassy luster, and so transparent that the student must 
have good light and commonly use a lens to detect it On weath- 
ered surfaces most feriuginous olivine turns brown, resembling 
limonitc spots, long before the black augite and magnetite are 
affected A few gabbios may have olivine without visible augite, 
though traces may be assumed to be present even when not visible 
Such aic called liodolties In the absence of olivine, it is possible 
to have qutirlz-gahbioi, but these aie lare and suggest contamina- 
tion Guitio-gabhro, with both quaitz and orthoclase, is still more 
lare 

At the daik extreme the gabbios grade into pyroxemtes, peiido- 
ltte\, and oics 

Texturally a numbei of gabbros are gneissoid, that is, they show 
flow structures by the paiallel oiientation of plates of plagioclase 
(Fig 2C,) 'I litre aie also in many gneissoid gabbios “flow lay- 
eis,” 01 bands, oi beds, in which the piopoitions of light and dark 
inineials ditfci in layeis with lathcr iiiegulai altei nations The 
layers may be fiom a fraction of an inch to many feet thick, may 
divide or pinch out, and may be as iiregulai as scdimentaiy beds 
These layei s have tlie same strike and dip as oi lented plagioclase 
plates if any otcui Veiy coarse facies are gabhio pegmatites and 
these occui locally in segregated spots oi dikes near the holders of 
gabbro masses, but are less abundant than gianite pegmatites, into 
which they commonly grade by impel ceptible stages Anorthosite 
also may be very coarse-giained, but this is attributed to its mono- 
mineral character and not to a concentration of mineralizers as in 
pegmatites Very fine granitoid gabbros are called dolerites (see 
pages 3 2 and 79 ) There are several well-known orbicular gabbros 
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FiC 25 — Flow stiucture in gabbio, Duluth, Miniusota («) R(.j?ulai liytis with dif- 
ferent piopoitions of plajj;io( Use {b) Hand spieimcn showing oiientid plites of 
plagioclase About ont-half natuial si/c 

The average lock of the gabbio cl.vn piob.ibly contains a little 
over 50% plagioclase, 30% augite, anti i ()'/<■ olivine, with smallei 
amounts of magnetite, and locally some hoinblentle and biotite 
These proportions, however, aie iar from constant, since as noted 
above, gabbios range fiom rocks that aie almost puic feldspai to 
rocks with only about to% feldspai 

Alter alton — The gabbros alter chiefly by the foimation of 
serpentine from olivine Later the other tlaik silicates altei to 
hornblende and chlorite, and all the minerals may be changed 
Dynamic stresses may change gabbro and anorthosite to gneisses 
with hoinblende and garnet The largei feldspars of anorthosites 
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are commonly left m the gneisses as “eyes,” or lenses, which are 
called “augen” from the German word for eyes. Augen gneisses 
1 esult. 

DtstrtbuUon — Gabbros occur in vast quantity in the Adiron- 
dacks and are well known in the White Mountains, in the famous 
Cortlandt series, near Peekskill, on the Hudson, and in the vicinity 
of Baltimore Aiound Lake Superior gabbros are of great im- 
portance. The Keweenawan rocks and other older intrusions are 
largely formed of them Fine specimens can be had at Duluth. 
The Stillwater complex in Montana has a similar rock series The 
anorthosites occur in several Canadian areas, as at the headwaters 
of the Saguenay River, and again north of Montreal, in the higher 
peaks of the Adirondacks, and to the northeast of Laramie, 
Wyoming, in the Laiamie range 

Abroad, gabbros and anorthosites are abundant in the Scandi- 
navian peninsula, whose geology is in many respects like that of 
Canada and the Adirondacks In the noith of Scotland gabbros 
are of especial interest because they have been shown by Judd to 
be the deep-seated repiesentatives of the surface basalts. On the 
continent they aie important rocks at many localities They are 
scatteied in Australia and such other parts of the world as have 
been studied In South Africa the Bushveld norite complex is 
famous geologically and of commeicial interest foi its platinum 
and chromite ores, and the “great dike” of Southern Rhodesia has 
similar rocks Titaniferous magnetites occur characteristically in 
gabbro or anorthosite masses 

PlIANFRin-S OF TUF PyROXFNITF. AND PfRIDOIITE ClANS 

MvieraJogu Composition, Faiteties — The gabbios pass in- 
sensibly, by the decrease of plagioclase, into the pyioxenites and 
peiidotites, and in any great gabbro area all these are usually 
present At a few places the darker rocks occur also as inde- 
pendent masses Many pyroxenites are nearly all pyroxene with 
only small traces of other minerals There is some variety, ac- 
cording as the rock contains one or several of the following 
enstatite, bronzite, hypersthene, diallage or augite, but with the 
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unassisted eye, it is seldom that one can be sui e of these distinctions, 
unless the orthoihombic pyioxcnes have a hi on/e lustei Horn- 
blende, magnetite, and pynhotite may be associated with one or 
moie of the minerals uted foi pyroxenites. At the extieme of peri- 
dotites we have nearly puie olivine locks, called dnnttes, tanging 
fiom pale green to daik gieemsh brown They aie named aftei 
Dun Mountain in New Zealand and arc well known in Noith Caro- 
lina and elsewhere Much magnetite may be associated with pei i- 
dotite, indeed at Cumbeiland Hill, Rhode Island, there is enough 
to make the rock almost an oic Chromite, too, is a common asso- 
cite Peridotttes with a poiphyiitic textuie aie called kimbeilile, 
and are famous the world ovei as the mother lock of diamonds 
Black hornblende is common in both pytoxenites and peiidotites, 
and may even foim a lock itself, hoynhlendile This may result 
fiom differentiation fiom hornblcndic magmas of scveial clans, 
granite to gabbio, oi fiom the alteiation of a pyioxenite, undei 
conditions that change augite to hoinblendc Daik biown biotitc 
IS also common Pegmatites which are known in all the pi eceding 
clans are practically lacking in pyioxemtes and peiidotites, although 
some locks in these families aic coai se-gi aincd 

Some writers have icgarded the pyioxemtes and even peiido- 
tites as of doubtful igneous origin and have placed tlicm with 
metamorphic locks, but wheie they are associated with gabbio, oi 
in independent dikes, iheie is no good leason to doubt then tiuly 
Igneous natuic 

AUctalion — Pyroxenites and hoinblendites lesist alteiation 
veiy well, but dynamic sti esses pioduce hoi iiblende-schists oi am- 
phibolites Peiidotites aie commonly changed to masses of sei- 
pentine, and near granite intiusives there may be impoitant asbestos 
veins Some commeicial magnesite also may lesult fiom the altei- 
ation of highly magnesian peiidotites 

Dtsttthiitwn — Pyioxemtes occur as suboidinate members of 
the gabbio aieas, as for example neai Baltimoic Hoinblendites 
are not raie as boidei facies of hornblende-granite and hoinblcnde 
syenite in the batholiths of the Canadian Shield Peridotites are 
in similar suboidinate relations in the Coidlandt senes, in the 
Baltimore area and in Noith Caiolina They are known also on 
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Little Deer Island, Maine, at Cumberland Hill, Rhode Island, in 
dikes neai Syiacuse, New York, at Presqu’ Isle, near Marquette, 
Michigan, in Kentucky, in California, and elsewhere m the West. 
When outlying dikes are met, far from any visible parent mass of 
Igneous rocks and m sedimentary walls, many prove to be perido- 
tite A significant concentration of olivine occurs near the base 
of the Palisade diabase opposite New York City, and there is a 
peridotite near the base of the Duluth gabbro at the western edge 
of the city of Duluth, Minnesota. Abroad there are stock-like 
masses in the gabbros of the Ural Mountains and of the Bushveld 
complex. The kimberlite of the diamond-bearing pipes is best 
known in Soijth Afiica. 

Aphanitls of the Basalt-Gabbro Clan 

Genet al Dacriplton — The basalts are noticeably more basic 
than the preceding clans The dark colored silicates are here 
about half the lock and, with the feldspar darker than m andesites, 
they give the chief characteis to the rock. Augite and olivine 
aie abundant, and hornblende and biotite are scarce or lacking 
Magnetite can be detected by testing a little of the powdered rock 
even if the grains aie too small to recognue otheiwise The 
pi evading colois are dark grays and black Red and green rocks 
of this clan indicate alteration Compact glassy varieties are rare 
though slaggy ciusts and scoiias are not uncommon 

Bauilis piopct are felsitic or show only a few small pheno- 
ciysts In this clan fclsitic textuies are more common than por- 
phyiitic Most of the abundant basalt lava flows aie cellular 
basalts oi s(o?ias because of the separation of dissolved vapors 
The cells arc most abundant and foim thicker zones at the tops 
of flows, but occui also foi a few inches at the base wheic the lava 
chilled bcfoie the bubbles lose into the hot cential part. There is 
a gradation from the cellular upper and lowei zones to central 
dense zones Central zones may be coarse and resist weathering 
much better than the cellular crusts The cells or cavities are 
commonly filled with secondaiy calcite, quartz, chlorite, epidote, 
and zeolites, from water solution These fillings are amygdules 



90 


THE IGNEOUS ROCKS 


and the rock is called amygdaloidal, from the Greek word for an 
almond, whose outlines they closely resemble (Fig 12) In the 
Lake Superior region amygdaloidal basalti attain decided promi- 
nence because they have furnished a place of deposition of copper 
Several features of the flows may have been involved in the forma- 
tion of the commercial 01 es In the first place the porosity of 
the cellular lava and its partial crushing produced a channel for 
the solutions. The piecipitation of copper seems to have resulted 



Fig 26 — Basalt breccia, Pine County, Minnesota Tht aa flows produce amygdal- 
oidal fragments in a matrix of hntr fiagrntnts About ont-half natuial si/c 
Courtesy of the McGraw-Hill Book Company 

from a reaction of copper and sulphur solutions with the icd 
oxidized parts of the flows ^ It happens that the tops of flows .11 c 
at the same time porous and favorable places foi the oxidation of 
the iron of basalts — the ropy tops called pahoehoc (page 91) arc 
very commonly red The iron is not only oxidized by the reaction 
with air, but concentrated in the tops by the gases rising through 
the lava 

^ R C Wells, in the report by Butler and Burbank, The Coppet Dipofitt 
of Michigan U S Geological Survey, Professional Paper 144, page 141, 

1929 

*T M Broderick Differentiation in Loam of the Michigan Keweena- 
wan Bull Geological Society of America, volume 36, page 353, 1935 


THE BASALT-GABBRO CLAN 


91 


Most basalts are dense and felsitic m texture, dark colored and 
heavy These characters appear m rocks of considerable variety 
in composition, but all the rocks are included in the Basalt Group 
(page 46), and in work without the microscope are called basalt 
(or “trap,” a non-committal term for dark felsitic rocks). The 
basalt group includes the common ohvine-basalt, augtUte, and Ivtn- 
burgite as well as the basalt more strictly defined as a member of 
the family of gabbros It should be clearly understood that the 
term basalt ( or trap ) is commonly used for a whole group of rocks 
as well as specifically (by microscopic study) for one member of 
the group. In the field, and in the study of hand specimens, where 
phenocrysts are too few and small to be useful, no distinction is 
attempted between the several families of the basalt group, just 
as there is no attempt to distinguish the members of the light fel- 
sitic rocks in the felsite group In the group of rocks with felsitic 
textures, felsite is a name 
for the light rocks, and 
basalt is a name for the 
dark rocks 

Basalts are the most 
abundant of all lava flows 
and in the field and even in 
hand specimens certain va- 
1 leties can be distinguished 
In the gieat lava fields most 
flows have spread widely in 

thin sheets, though some Fig 27 -Cellular basalt 

may be locally thick where 

filling up depressions in the eailier surfaces The fine-grained 
dense rocks have a conchoidal fracture almost like chert, but the 
coarser ones grade into dolerite (pages 79 ^5) have a 

hackly fracture. 

At central volcanic cones, two other varieties are distinguished, 
the aa flow, which breaks up at its advancing front into blocks of 
scoria, and the pahoehoe, which flows with a ropy surface (Fig 28) , 
both names based on Hawaiian terms The blocks of vesicular 
lava may be rolled into the advancing liquid lava or may be later 
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cemented by the fine debns of the basalt forming “amygdaloid con- 
glomerates” as they are called in Michigan, though the locks are 



(«) 


moie like breccias (see Fig 
26) Many flows after cool- 
ing and erosion show pillow 
struct lit es or ellipsoids, indi- 
cating that during flow the lava 
broke up into masses which 
have vesicular or chilled outer 
yones, but which weie still vis- 
cous enough to be packed closely 
together (P'lg 30) Tabulai 
masses, either flows, sills, or 
dikes, are commonly broken up 
by joints into coliininat basalt 
(Fig 29) These may appeal 
in certain flows but not all of a 
senes Still othei details may 
serve to distinguish one ba- 



Fio 28 — (a) Ropy suifsLC of rtctnt pahochoe 
flow, Hawaiian Islands About onc-half 
natural size (b) Kewetnawan flow, 
Schioeder, Minnesota 


salt mass fiom anothei — 
slight diffciences in hand- 
ing, jointing, coloi , tcxtui e, 
01 the natui e of weathi 1 mg 
Besides the usual gi a- 
dation iiom felsitic to poi- 
phyiitic textures, and in this 
clan the giadation lioni 
vci y fine gi ained to dolei - 
itic (page 91 ), theie aie in 
the basalt clan certain other 
textural vaiieties — fiist the 
diabases, and second the 
sphciulitcs, often called va- 
iiohtes when found in ba- 


salt The diabasic or 


ophitic fabiic in basalts is lecognized by the mottling, shown by 
augite cleavages (lustei mottling) on fresh surfaces, and by a color 
mottling after weathering (Fig 31 (0)* 
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The chief varieties distinguished among basalts in the Lake Superior 
copper-bearing district are (i) Ophite, (2) Porphynte, and (3) Melaphyre, 
the latter being the basalts without either phenocrysts or ophitic texture Each 
of these may have amygdaloidal tops, and there may be “amygdaloidal con- 
glomerates*’ and associated breccias of each kind of fragments Melaphyre 
IS a term once used for pre-Tertiary ohvine basalt porphyry, but the time 
significance is no longer recognized 



Tk 2y — Columnai jointing in a lava, Obsidian Cliff, Yellowstone Park 
(Photo by Balk ) 


Alteration attacks different basalts diffeiently so that either 
hydi othcimal action oi weathering may develop features that dis- 
tinguish one basalt from another Hydrothermal attack develops 
a vaiicty of green colors, and weathering a variety of reds and 
browns 

Basalt-porphynes have abundant phenocrysts in a gioundmass 
that IS felsitic and dense, and rarely have ccllulai or amygdaloidal 
structures Phenociysts should include augite and plagioclase to 
class rocks as basalt-porphyry m the scheme on page 46, but some 
of these mineials may be inferred from other characters, even 
where not visible as phenocrysts If, in a gray groundmass, there 
are only olivine phenociysts, or only augite phenocrysts, it is almost 
certain that the gray color indicates plagioclase and the rock is a 
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basalt-porphyry, for if plagioclase was lacking, the groundmass 
would be black, as in augitite or limbuigite-porphyry 

On the other hand, if 
olivine IS not visible in a 
porphyritic rock, it is com- 
monly assumed to be ab- 
sent unless microscopic oi 
chemical work indicates it 
Thus a dark rock with 
only plagioclase phenocrysts 
(Fig 32 (h)) IS best re- 
ferred to basalt-poiphyry 
and a rock with augite-phe- 
nocrysts in a gray ground- 
mass (Fig 32 (a)) IS simi- 
larly classified, not assum- 
ing olivine to be pi csent in 
either. Hornblende may 
be associated with the more 
abundant augite, but can larcly be distinguished in hand specimens 
Clusters of phenocrysts may foim glomero-poiphyries analogous to 
those of the andesites (page 81). 

Attention is called to the fact that some men distinguish b.is.ilt-porphyiy 
from augite-andesite poiphyry, and gabbro from auijite dioritc IIcic the 
basal t-g.ibbio family interlocks with the andcsitc-dioiite family The dis- 
tinction on page 46 is based on the natiiic of the m.ilie mineral, but some men 
piefer a distinction based on the percentage of daik mineral, basalts having 
over 50% mafic mateiial, and others restrict basalts to olivine rocks, and 
others still restrict basalts to rocks with basic plagioclase — a microscopic or 
chemical determination being necessary 

In these daik rocks wheie olivine is common, the quartz and 
potash feldspars of acidic locks are not to be expected (page 19) 
Where quaitz is seen in basalts, the first impression is that the 
rock has been contaminated by fragments of older moie acidic 
rocks At a few places quartz may be primary in basalts, but 
such rocks are very rare. 



Fig 30 — Ellipsoidal basalt, Sioux Lookout, 
Ontario (Photo by Pcttijohn ) 
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Fig 31 — Basalt) Pine County, Minnesota About one-half natural size (a) Very 
hne giain, conchoidal fracture (b) Medium gram (f) Mottled as a result of 
weathering of a rock, with diahasic or ophitic texture (a) and (b) furnished by 
courtesy of McGraw-IIill Book Company 



(a) {b) 

Fig 32 — Basalt porphyries About natural size (a) Boggs Creek, Montana augite 
phenocrysts {b) Boulder with plagioclase phenocrysts Compare Fig 33 
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The basalt-poiphyues constitute the inteiiors of thick flows 
and dikes. Yet the interiors of thick flows of these basaltic rocks, 
do not all become porphyntic, as the more atidic locks commonly 
do, but develop coarser and coarser even-textured varieties, the 
dolerites, which were noted with the granitoid members (page 
8S) 

Where phenocrysts are in marked excess over the gioundmass, 
the rocks are gabbro-porphynes. Where the phcnociysts aic nu- 
meious, they are generally larger and the groundmass between 
them IS slightly coarser than in basalt-porphyry These rocks 
occur in deep-seated dikes and thick intiusive sheets 

Synonyms and Relahva — The name basalt is a very ancient 
term and has been explained in several ways. Many legard it 
as a corruption of basanite, a teim used by Pliny, although it is 
uncertain to what lock he applied it The Greek word for the 
black touchstone or Lydian stone used by the ancient jewellers is 
similar to this last foim Othcis refei it to Basan or Bashan, 
the kingdom of Og, as mentioned in the Old Testament, Deuteion- 
omy III, I Again an Ethiopian woid “basal,” used by Pliny foi 
an iron-bearing lock, has been suggested Agricola in the six- 
teenth centuiy gave it its piesent signification 

Basalt poiph\m“s as well as andisitc poiplnrus with plaKioiIasi pliino- 
(.lysts aie pot phviitts This ttim was onci visiil toi pi<-'l iMliaiy poipli} iitic 
locks vMthout oliyinc, but the time siuniiu.incc is no longd ueoi'ni/id 

A gioup of dike locks of daik color and sugaiy textuic, oi 
sugaiy groundmasses, aie distinguished from ordinary basalt dikes 
by the term, lamptophyic Most of them aie moie easily alteied 
than basalt dikes and weather to rusty fei ruginous outci ops. Most 
of them are distinguished only by micioscopic examination, but a 
few with biotite oi hoinblende phenocrysts have been noted in the 
syenite and diorite clans. 

In rare instances nepheline, leucite or melilitc aic discovcicd 
in rocks of basaltic appeal ance. These can haidly be distinguished 
without microscopic study, unless perhaps an carliei study has 
shown that such rocks have locally some peculiarity of structuie 
or of weatheiing 
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The common basalts grade on the one side into andesites and 
on the other into rocks with little or no feldspar or felspathoid. 
In felsitic masses these cannot be distinguished without a micro- 
scope, and even in the porphyries, if feldspar is not recognized, the 
distinction is rarely made with certainty. The rocks without feld- 
spar are augtlites, or if olivine is present, limburgites The por- 
phyries of these families are believed to have a groundmass of 
glass, or of analcime, more commonly than one of fine grains of 
the minerals of the phenocrysts. They are rare in this country, 
but the porphyries with predominant phenocrysts and considerable 
olivine — the pendoHte porphyrtes — are known as kimberlite, and 
have been recognized in several states 

Alteration, Metamorphism — The olivine of basaltic rocks is 
the first mineral to alter, and it soon becomes a network of serpen- 
tine veinlets enclosing unchanged nuclei The augite also alters 
readily into chlorite and finally the feldspar kaolinizes. The piev- 
alence of green, chlontic products suggested the name greenstone 
for old basaltic rocks After hydiothermal attack the greenstone 
IS haidly distinguishable from propylite, derived from andesite 
Many basaltic rocks are thoroughly metamorphosed, and the 
iion-mining regions around Lake Superior present supeib illus- 
tiations of the result Near gianite intrusives the augite has a 
pi onounccd tendency to change to gi een hornblende Under shear- 
ing stresses and movements, this change tuins basaltic rocks into 
hornblende-schists, and even chlonte-schists or green-schists, veiy 
different rocks. The wulespiead Catoctm schists of Viiginia were 
deiived in this way. The secondaiy hornblendic rocks are also 
called amphibolites Tuffs commonly alter to masses of fine- 
giained epidote with some secondary quaitz 

Tuffs. — Basaltic tuffs, agglomerates, breccias, etc, are well 
known and accompany many of the massive flows They mark an 
explosive stage of eruption before or after the outpouiing of lava. 

Distribution — Basalts aie known in practically every district 
in which any kind of igneous rock is abundant, and are of every 
age fiom early Archean to the present day The oldest strata are 
penetrated by numerous black, igneous dikes, in practically all their 
exposures The New England seacoast is especially seamed by 
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them, and hundreds may be met m a short distance. The Adnon- 
dacks and the White Mountains, and the Highlands of New York 
and New Jersey, have many The intruded sheets of Triassic 
basaltic rocks, largely diabases, form many of the most piominent 
landmarks, such as Cape Blomidon, Nova Scotia, Mts Tom and 
Holyoke, Massachusetts, and many dikes in the Richmond, Vir- 
ginia, and Deep River, North Carolina, coal fields Aiound Lake 
Superior, both in the iron and in the coppei regions, aie gieat 
basalt sheets aggregating many thousands of feet thick on Ke- 
weenaw Point, and on the north shore. The ii on-bearing strata 
are penetrated by innumerable dikes. The gi eatest of all Ameri- 
can basaltic areas, however, is in the Snake River i egion of southern 
Idaho, eastern Oregon and Washington Many thousands of 
square miles are covered with the dark lava. In Colorado there 
are prominent sheets at the Table Mountains, near Golden, at 
Fisher’s Peak, near Trinidad, and at many other points They 
are also met in New Mexico, Arizona, and Texas The volcanoes 
of the Hawaiian Islands have basaltic flows and a few of them 
carry nepheline, about the only such locks known in the area or 
territories of the United States 

Basalts are equally well known outside of America The 
islands off the west coast of Scotland aie famous localities '1 he 
lavas of Etna are chiefly basaltic Those of Vesuvius aie iich in 
leucite. In India are the gieat basalt fields of tlie Deccan, com- 
parable with those of the Snake Rivei i egion of noi thwcstei n 
states Of modern lava flows, one in Iceland conies neaicst to 
spreading ovei a great area as did those of the Aichcan, Ke- 
weenawan, and Tertiaiy 


Till*. Diabasps 

The term diabase is a useful one, needed for rocks of basalt- 
gabbro clan which have a characteristic and peculiar pattern in 
their texture. In the fine-grained rocks this pattern is seen only 
by microscopic study, but may be indicated by a luster-mottling, or 
on a weathered surface by a color mottling (Fig 31 (r) ) In the 
coarse gabbros, diabases exhibit rods or laths of plagioclase sur- 
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rounded by coarser augite (Fig 33), as if the plagioclase had 
grown early and the augite filled in the interstices 

The student must look closely to distinguish this coarse augite 
between the plagioclase grains, from a black groundmass (Figs. 
32 (b) and 33) Two rocks may have plagioclases in similar sizes 
and abundance, but one having coarse augite between the feldspars 
IS a diabase, the other with black groundmass is a basalt-porphyry. 



Fig 33 — Diabase gabbro with coarse augite, around lath-like plagioclase 

Compare Fig 32 

The basalts with this odd pattern, lecogni/ed by their mottled 
appearance, aie diabase basalts, or ophites (pages 92—3), and the 
coarse rocks with the same pattern are diabase gabbros The 
pattern appeals in all textures fiom very fine to veiy coarse rocks 
Strangely enough it is most abundant in rocks of medium grain, 
with feldspais perhaps 5 to l mm in thickness Probably 95% 
of all intrusive sills are diabase, and large parts of them have this 
medium size of grain The term diabase without the qualification 
of basalt or gabbro is usually understood to signify such medium 
textures The pattern in such rocks, however, is not so easily 
recognized as in the ophites and in gabbros If rods of plagioclase 
are seen in such rocks, they may l^caJied-dMili^se, but the term 
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dolertle is useful heie to mdicdtc the intei mediate si/^e of grain 
(page 79) without any implication as to whethei the pattern shows 
needles of plagiodase 01 moie iiregulai giains 

Scattered in some diabases are huge phenocrysts of plagiodase, 
piobably of an earliei generation These make a porphyrtitc 
diabase Theie aie also known some giadations fiom diabase to 
locks of gianitic composition If the diabase is mostly giay, but 
shows interstitial quait/. 01 led feldspar, it is likely to be a differ- 
entiate (or possibly a contaminated lock), and granitic differen- 
tiates may be expected as upper icones, 01 as dikes in aplitic relation 
to the diabase 

Diabases are well known in many districts wheie sills intrude 
sediments The Palisade of the Hudson Rivei opposite New 
Yoik City IS a noteworthy example The Tiiassic sills in New 
England and the Keweenawan sills north of Lake Supciioi have 
been described in detail The Whin sill in Scotland is exposed 
over a very extensive area 

The Glasses 

Varieties. — The name obsidian is applied to homogeneous 
glasses with low peiccntagcs of watci The woul is of classic 
and ancient oiigin and is now used foi neaily all glasses, with a 
picfix to indicate the composition, such as iliyoltle-obsiduiH, basalt- 
obsidian, etc Some glasses appeal as independent sheets and 
dikes, but many moic aie nairow bouleis of wcll-ciystalli/ed lava 
sheets or the outei portions of dikes Rhyolite obsidian is almost 
the only glass that makes up huge bodies There is little tendency 
foi basalt to chill to glass, but basalt and andesite lavas ai e so much 
more abundant than any otheis that small masses aie the souices 
of a number of glassy “selvages” The tuffs of the seveial clans 
also contain a consideiable pcicentage of glassy fiagments, usually 
vciy angular and shaip, but these arc iccogni/ed chiclly by micio- 
scopic study 

Obsidians aie mostly black, but a black compact glass gives no 
indic.ition of its composition — it may be ihyolitic or basaltic The 
black coloi piobably icsults from microscopically small black crys- 
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talS) but IS not from an abundance of dark minerals; and the glass 
IS not a mineral Basalt obsidian may be slightly dull in luster, 
perhaps from alteration, but not all basaltic glass is dull. If the 
glass IS magnetic, there are 
crystals of magnetite of mi- 
nute size, and these suggest 
a basic oi basaltic composi- 
tion The specific gravity of 
basalt obsidian is about 2 76 
and that of ihyolite obsidian 
about 2 32, so that a test 
may leveal something of the 
composition (Fig 92), but 
the test IS a difficult one to 
pel form accurately on ac- 
count of the common pres- 
ence of gas bubbles, many of 
them so small as to escape 
notice 

Any glass that is lighter 
coloied than the usual black, 01 the rusty led of a basalt scoria, is 
likely to be ihyohtic in composition Some glasses aie led, green, 
blown, and various shades of giay 

Almost all the glasses contain dusty, embryonic ciystals and 
gas poles, and some have skeleton crystals of laiger growth 
Vtltophyte has a few phenocrysts, commonly arianged in flow lines 
and swilling eddies Almost all laige developments of the glasses 
show dense, stony 01 hthoidal layeis and streaks, which aie due 
to the development of minute crystals of feldspar and quaitz, 
commonly arranged in radiating rosettes, called spherulites (Fig 
34) , and in basic rocks, vaiiolites The individual ciystals aie 
laiely large enough to be seen with the unassisted eye Expanded, 
bubble-hke cavities are also met, many with sevei al concentric walls, 
on which are perched little well-formed crystals These cavities 
are called lithophysae, 1 e , stone bubbles Topaz, quartz, tridy- 
mite, feldspars, fayalite, and garnet have been found in beautiful 
crystals in them The lithophysae are due to the influence and 



Fig 34 — Conchoidal fracture and spherulites 
in obsidian, Yellowstone Park About 
one-half natural size 
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escape of mineralizers, and may reach a diameter of more than 
an inch. 

Basic glasses aie seldom sufficiently fiee fiom included ciystals 
to be separable from the porphyntic rocks Fiothy and cellular 
crusts do, however, appear on lava sti earns, and aie known as 
scoria, and rare, homogeneous basic glasses have been tailed taiby- 
lyte and hyalomelane 

The structural modifications of rhyolite glasses are pumice, 
perlite, and pitchstone. Pumice is an excessively cellular glass, 
caused by expanding steam bubbles Perlite is a glass broken into 
small onion-hke, individual masses from contraction in cooling 
The concentric cracks form shelly masses between intersecting senes 
of larger straight cracks. The perlites have usually 2-4 per cent 
of water. The word is also written pearlstone, and was suggested 
by the fancied resemblance of the concentric shells to the familiar 
gem. Pitchstone is a homogeneous glass, like obsidian, but con- 
tains 5-10 per cent of water. Pitchstones were named when the 
common pitch of commerce was derived from tiees, and aie mostly 
light green to brownish led They have a more lesmous luster 
than obsidian, but the name is applied more on the basis of coloi 
than luster 

Aside from these features and the giadation of glass to a lock 
of known composition, the best methods of distinguishing different 
glasses are by the use of a microscope or by chemical analysis 

Alteration — Glasses lesist alteration notably well, but in the 
long run are subject to decay along cracks anil exposed sui faces 
They yield quart/, kaolinite and fine, scaly muscovite In instances 
they devitnfy, as it is called, or bieak up into aggiegates of quaitz 
and feldspar in excessively minute crystals, so that we can trace 
them back to the oiiginal glass only by the flow lines, peilitic 
cracks, spherulites, and lithophysae that still remain Such devitri- 
fied forms have been called by F Bascom, apobitduni. Petio- 
silex IS an older term applied to these and other similai locks, and 
felsite has been also used There aie no Archean glasses, all hav- 
ing been devitrified Probably some hydration of basic glasses 
occurs before they lose their glassy appearance The glassy frag- 
ments in tuffs have at certain places been altered, by some peculiar 
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process not well understood, to bentonite, a rock with a large con- 
tent of montmorillonite, or beidellite, two odd clay minerals. 

Distribution — The glasses are widespread in the West. Ob- 
sidian Cliff, in the Yellowstone Park, yields black, red and stony 
varieties, and has been made famous by the studies of J P. 
Iddings Silver Cliff, Colorado, has furnished some remarkable 
pitchstones The extinct volcanoes of New Mexico, Utah, Mon- 
tana, and California, are well-known localities Alaska has sup- 
plied much from near Fort Wrangel, and in Mexico and Iceland 
are other prolific sources. Along the Atlantic Coast there are only 
the devitnfied glasses of ancient (pre-Cambrian) volcanoes. These 
are well developed in New Brunswick, Maine, Massachusetts and 
Pennsylvania Abroad the obsidian of the Lipari Islands is a 
famous one, and the perlites of Hungary supply the specimens in 
many collections The best known of all pitchstones are found 
at Meissen, near Dresden, in Saxony, and on the island of Arran, 
off the west coast of Scotland 

Ultrabasic Igneous Rocks, Meteorites 

A few ultra-basic igneous rocks are known in which the silica 
decreases almost to nil, and in which the bases, especially iron, are 
correspondingly high They are in general rather to be considered 
as basic segregations in a cooling and crystallizing magma than as 
individual intrusions The so-called pendotite of Cumberland 
Hill, Rhode Island, cited above, has very little silica Titaniferous 
magnetites have almost none (Fig 35), but some are rich in 
alumina In a few basic igneous rocks metallic iron has been 
detected suggesting analogies with meteorites None of these are 
of commercial value unless the titanium mineral can be concentrated 
to ore A more valuable deposit, believed to be a segregation, is 
the nickeliferous pyrrhotite near the base of the large norite intru- 
sive of Sudbury, Ontario Several segregated layers rich in chro- 
mite have been prospected in the norites of South Africa. 

Meteorites are rare and of only scientific interest, but it is 
extremely suggestive that such silicates as are met in them are 
chiefly olivine and enstatite, minerals rather characteristic of basic 
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Igneous rocks The metontes most easily lecognized are the al- 
loys of iron and nickel, but some laie sulphides occur The recog- 
nition of stony meteorites and their distinction from basic igneous 
are not always easy The features expected in meteoiites aie ( i ) 
rocks of basic igneous chaiacter with medium gram, (2) a black 



I' 10 35 — Gntissoui stiuclurc in titamftrous maputitc, Cook County, Muuusota 
1 he neiily tuhcdial pi itj;ioclasc suiioundcd !>> on imli(at(s nii^niatK 
tion Nearly natural si/e 


ciust about a millimeter thick, (3) a pitted suilaco almost as if 
a plastic mass of putty had been handled all ovei with hngei tips, 
and (4) in about half of the meteoiites some metallic 11 on 01 alloy 
As filling out the theoietical senes we cannot bai out watei 
and Ice There is no reason why they should not be considtied 
Igneous rocks of extremely low fusing point, but they aie so familial 
that a simple leference to them is sufficient 





CHAPTER VI 


GENERAL REMARKS ON THE IGNEOUS ROCKS 

Chcmual Composilion — The chemical compositions of the 
several clans of igneous locks range widely, and the study of com- 
positions IS complex Daly has compiled average analyses of a 
number of igneous rocks, some of which are here given for refer- 
ence, without any suggestion that tables of analyses should be 



Pic — Frequency distribution of igneous rocks in U S G S Professional Paper 99 
(omitting diabase and dolerite) 

lOS 
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memoiized Johannsen’s averages and Robinson’s “types” agree 
well enough to indicate that the estimates are fairly satisfactory ’ 
Daly believed that the aphanites in most clans are chemically much 
like the phaneiites, but slightly more alkalic and silicic 

The silica content of igneous rocks langes from over 8o per 
cent down to piactically none, but few rocks have less than 40 per 
cent. The extremes appear only in rare facies of intrusives, not 
in flows. The curve of abundance of rocks at different amounts 
of silica (Fig 36) shows two pionounced maxima, one at 48 per 
cent for the abundant basic lava flows and the other at 70 per cent 
for abundant granites and grano-diorites These two groups are 
clearly dominant in the igneous locks of the crust 

The dominance of two groups is shown also by an estimate of 
the volumes of rocks exposed in the mapped areas in the United 
States Daly has shown the abundance of andesite and basalt in 
flows, and of granite and granodiorite in batholiths. 


Approximate Quantiiaiivf Disiribihion of Ionfous Rocks in Foiio Maps of the 

UnIIED SlAIbS (rPOIOOICAI SURVPY 
(Modified from Daly) 
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Alumina is highest in the anorthosites, where it may be 30 per 
cent, but the clan with the highest average is the nephelite-syenite 

^ R A Daly Igneous Roch and Thetr Origin, pages 19-36, 1914 A. 
Johannsen ’Neucs Jahrbiuh B B 1931, volume 64A, page 505 H H. 
Robinson The San Franciscan Volcanic Field U, S. Geological Survey, 
Professional Paper 76, 1913 
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TABLE III 

Average Compositioks (mostly after Daly) * 


Syenite Dionte Gabbro 

Granite includ Nephe- exclud exclud 

of all alkahc lite- Quart?- Quartz- Olivine- Olivine Pyrox Peri- 

penods syenite Syenite Dionte dionte gabbro gabbro enite dotite Ores 

Number I 


of 

analyses] 

1-546 

50 

43 

55 

70 

24 

17 

10 

31 


S1O2 70 18 

60 19 

5463 

61 i;9 

5677 

49 50 

46 49 

51 29 

4109 

7 35 

T1O2 

39 

67 

86 

66 

84 

84 

I 17 

58 

X 16 

2301 

AliOs 

1447 

1628+ 

1989 

16 21 

X667 

1800 

17 73 


4 80 

381 

FeaOs 

157 

274- 

3 37 

254 

3 

2 80 

366 

1 82 

396 

30 59 

FeO 

178 

328 

2 20 

3 77 

440 

5 80 

6 17 

6 00 

7 12 

2405 

MnO 

xa 

14 

35 

10 

13 

12 

17 

13 

10 

22 

MgO 

88 

249- 

87 

2 80 

417 

662 

8 86 

21 06 

32 25 

3 06 

CaO 

X99 

4 30 “ 

251 

538 

674 

10 64 

11 48 

13 88 

44a 

474 

NajO 

3 48 

398 

826 

3 37 

3 39 

2 82 

2 16 

30 

49 

12 

KiO 

411 

4 49 

546 

2 10 

2 12 

98 

78 

16 

96 

13 

H2O 

84 

I 16— 

13s 

X 22 

136 

X 60 

I 04 

I 20 

3 53 

67 

P2O5 

^9 

28 

^^5 

26 

^5 

28 

29 

06 

12 

2 51 

clan. 

In the pyroxenites and 

ores, 

alumina 

may 

be less than 

one 


per cent. 

Iron oxides are almost lacking in some siliceous aplites, and 
even m anorthosites, but rise to 20 per cent m basalts and, with 
other metallic oxides, may be nearly 100 per cent in segregated 
01 es. Lime attains its maximum in pyroxenites and gabbros, mag- 
nesia in the peridotites Each of these is closely related to the 
mineral concentrations characteristic of the clan mentioned The 
three metals, iron, calcium, and magnesium, reach their concentra- 
tions, commonly, m the three differentiation products of large 
bodies of gabbro. 

Potash IS most abundant in orthoclase and leucite rocks, soda 
in the nepheline and albite rocks, but the soda is more nearly 
constant than potash. The combined alkalies are at a maximum 
near 15 per cent in the nepheline-syenites. It should again be em- 

* Most of these averages are by Daly on “Igneous Rocks” and the ores are estimated 

from 24 analyses m J P Iddings, Igneous Rocks, vol a, pp 34^34^ ^3 analyses in 

Johannsen’s Vol IV, p 468 
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phasized that orthoclase locks have commonly much associated 
albite, but most gabbros have plagiodasc with only negligible 
amounts of orthoclase. Watei in quantities over i per cent sug- 
gests alteiation, but in certain glasses piimaiy watci may lange 
from I to 8 per cent 

For each of the clans the aveiage mineral composition has been 
roughly estimated, and if these estimates can be lixed in mind (per- 
haps assisted by the tables and diagiams in the next section) it is 
possible to estimate fairly closely the analysis of igneous locks by 
a simple calculation from mineral compositions. Illustiative cal- 
culations are given in Chapter XIII and the estimates usually fall 
very close to the data of Tables III, IV, and V It is much easier 
to make these simple calculations than to tcmember tables 

Johannsen * has selected analyses on a different basis f i om those 
selected by Daly for aveiages, and Table IV is taken from his 
discussion of granites Since it shows that the two averages aie 
veiy much alike, the corresponding tables for other clans aie not 

lABIl' IV 
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quoted The student should note, however, that the range of 
values IS very wide For example in granites the silica content 
may be as low as 6o%, or as high as 77% or more Naturally 
this appears in the rock as a low percentage of quartz in one and 
a high percentage in the other 

One more chemical analysis is useful for reference Table V 
gives the estimated composition of the average igneous rock of 
the eaith’s outer lo miles, the crust.® It resembles syenites and 
quartz diorites, and perhaps is closest to the intermediate rock 
known as quartz-monzonite 


TABLE V 

^VPRAGF loNFOUS RoCI^ OF IHF FaRIH\ CrI ST 
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1^34 
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VA 
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oc 
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0022 
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I1.O 
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Cu 

0010 

/K), 
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/n 

0004 

P.()r, 

0 2<)<) 

Pb 

0 002 

Cl 

0 048 






100 000 


Te\ltnes — All of the typical textures aie easily recognized in 
cli.iractei istic development, but the glassy locks shade insensibly 
into the fclsitic, the felsitic into the porphyritic, and the porphyritic 
into the gi anitoid There are, therefore, intermediate forms that 
ai e difficult to classify Yet on the whole the four textures are the 
most satisfactory basis foi classification and study Chemical 
composition being the same, texture is a result of the physical con- 

* F W Clarke and H S Washington The CompostUon of the Earth’i 
Cl lift U S Geological Survey, Professional Paper 127, page 16, 1924. 
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ditions surrounding the magma at the time of crystallization and 
of the presence of mineralizers. 

The glasses range in composition through all the clans from 
rhyolite to limburgite, but little is done with them except by ad- 
vanced chemical and microscopic methods (pages lOO to 103) 

The fragmental igneous rocks form a group transitional from 
Igneous to sedimentary rocks and deserve a further remark as to 
varieties and names. The best variety names are formed by pre- 
fixing to the terms tuff or breccia, the names of the felsitic rocks 
of the same mineral compositions, but many fragmental rocks are 
mixtures of fragments of different compositions, for which we have 
no good terra but mixed tuff, or mixed brema 

There is a further chance to add detailed variety names indi- 
cating the sizes of fragments, as in the sediments (page 152) * 
Fragments over 32 mm in diameter are bombs, blocks, or driblets. 



Fig 37 — Intrusive breccia of anorthosite in diabase Nicado, Minnesota 
Courtesy of the McGraw-Hill Book Company 


Wentworth, C K The Clamfication and Terminology of the Pyro~ 
clastic Rocks* Bull, National Research Council, No 89, pages 19-53, 1932, 


MINERALOGY 


111 


Their cemented equivalents are breccias or volcanic rubble if made 
of blocks, or agglomerates if made of bombs, both more or less 
mixed with finer volcanic debris. Fragments from 4 to 32 mm. 
in diameter are lapilli, and those of smaller sizes make up volcanic 
ash, or dust. When cemented they are tuffs. 

Breccias consisting of coarse fragments may originate in sev- 
eral distinguishable ways The common ones result from violent 
explosions, shattering an already built volcano. A second kind is 
the result of blocky, broken aa fragments at the front of a scori- 
aceous flow. A third kind results when a flow has a chilled crust 
which collapses and the fragments drop into the lava or into the 
caves from which lava has drained out. There are finally a great 
many breccias related to violent intrusion underground rather than 
to volcanoes — they have ordinarily a cement of granitoid rock and 
fragments of wall rock (Fig 37) 

Specific Gravity — Holmes has compiled the data on specific 
gravities of the igneous rocks of several clans, and shows the 
number in each clan that have a certain specific gravity The 
figures show considerable range for each rock, but those dominant 
are: 
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2 56 

Nepheline-syenite 

2 62 



Mon/onite 

2 S3 



Granociioritc 

273 



Qu irt/-diorite 

2 80 



Dioritc 

287 

Andesite 

2 65 

Gabhro 

297 

Basalt 

287 

Anorthosite 

275 



Olivine-gabbro 

300 

Olivine basalt 

29s 

Pyroxcnite 

3^3 



Hornblendite 

318 



Pendotite 

3 21 



Ores 

413 




Average igneous rock of the crust a 79 

The lowest density noted is around 2 2 for an acidic glass, and 
the highest around 5 o for segregated ores 

Mineralogy — Figures 38 {a) and (b), with a reasonable ap- 
proximation to the truth, illustrate the quantitative mineralogy of 
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the Igneous rocks. A section cut thiough the charts at any one 
point expresses the relative amounts as well as kinds of the scveial 
minerals m the rocks whose names aie along the top lines, and 
whose percentages of silica are approximately shown. No men- 
tion IS made of texture. 


Rhyolitob Trachyte Phonolitou, and Ram dark 

and Graniteb and Syenites Nopholine Syonitoa rocks with 

Oithucliise 




Fig 38 — Diagiam of the mnuialogual composition of irikous lotks I ht mimluis 
indicate pcucntaKts of silica 1 ht uppci diap;iarn is foi nxks that ha\( oiiho- 
clase as chief ftldspai , the lowti, the plagioclasc and non-ftldspathic locks 


In the oithoclase rocks quaitz disappeais at about 6 $^^ SiO , 
while oithoclase continues to the end, plagioclasc in small amount 
IS constantly present thioughout the sciies Nephcline and Icucitc 
come in as indicated Muscovite appears only in the more acidic 
gianites Biotite and hornblende range widely, but towaid the 
basic end both yield to augite The continuation of the oithoclase 
sciies to a basic extreme is a fact that was not appreciated until 
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recent years The rocks at the basic end are chiefly those dis- 
covered by Weed and Pirsson in Montana, by Iddings in the Yel- 
lowstone Park and by Lawson in the Rainy Lake region 

In the plagioclase and non-feldspathic rocks quartz and ortho- 
clase soon run out, so far as any notable or regular amount is 
concerned. Plagioclase holds along to about 45% SiOj, and at 
about 55 % S1O2 may in the anorthosites be the only silicate present 
Olivine begins to appear at 55% and increases with occasional 
lapses almost to the end, where it may be the chief mineral The 
ores increase so as to be the only minerals in the rock, forming thus 
the theoretical, basic limit. The diagrams also emphasize the fact 
that Igneous rocks shade into one another by imperceptible grada- 
tions, and this is tiue of the orthoclase and plagioclase groups 
themselves, although not suggested by the separation of the two 
in the diawings. 

A careful scrutiny of analyses and mmeralogical composition 
leads to the conclusion that practically the same magma may, under 
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different physical conditions of crystallization, afford mineralogic 
aggregates that differ considerably in the proportions of the several 
minerals — now yielding more hornblende, again more augite, and 
even affording quartz in a basalt Hence, analyses in diffeient 
groups overlap more or less, and the difficulty of drawing sharp 
lines of distinction is very great Yet, allowing for this variation, 
chemical composition largely detei mines the resulting mineralogical 
aggregate and is fairly characteristic 

Through the clans there are notewoithy changes in abundance 
of mineials and mineral groups as well as changes in the mineials 
on the basis of which the rock is named Roughly estimated for 
a tabular resume they are as follows 


Rock family Mahc mineral l^tlsic mineral 




per cent 


per cent 




f Orthoclast 

4<; 

Granite 

Biotitc 

10— 1 

, Albite 





i Quart/ 

V 




fOrthotiasc 

60 

Syenite 

I lornbicndc 


Albitc 

20 




[others 


NtphtlitL-sycmtc 

Ac mite 1 

Biotitt / 

[Ncphclini 

20 jOrtlioclasc 

1 

! 

0 0 j 

i 

1 



1 Mbitc 

20 




1 PI IgtOll ISC 


Quartz-diontt 

IlornblLmlc, etc 


()rthoclasc 

‘I 




[Quart/ 

I*? 

Diontt 

1 lornbicndc 


IMagioclasc 



[Augitc 1 




Gabbro 

j Olivine 1 
[Magnetite j 

4<; 

Plagioclasc 


Pyroxenitt, perulotitc and ores 




1 


Figure 39 shows the changes in the average color ratio, light 
to dark minerals, through the clans distinguished on page 46 
This emphasizes the dominance of light minerals, chiefly feldspar 
through all the clans but the last three, which are not abundant. 





IGNEOUS ROCK SERIES 


115 


Igneous Rock Senes . — If all igneous rocks are compiled in a 
diagram or plot of almost any sort, it is apparent that there is no 
break between one kind and another but a complete gradation from 
each rock to all others. In world-wide studies of such rocks there 
may be regions in which the rocks all have some small peculiarity 
of composition The data suggest such terms as “petrographic 
provinces,” “comagmatic regions,” and “consanguinity” of the 
rocks of a region Professor Niggli of Switzerland has empha- 
sized the idea that the magmatic character of a province may be 
related to its dynamic history, whether in orogenic zones, or border- 
ing the zones, or in older Shield areas. 

More definitely it is known that a variety of different rocks are 
genetically related, because they can be found in outcrops to grade 
from one family or clan to another A batholith may be partly 
diorite and partly granite, and the change through quartz-dionte, 
granodiorite, and quartz monzonite may be so gradual that it is 
quite impossible to draw a line along the contacts. Another batho- 
lith may grade m a single outcrop from hornblende granite to a 
dark hornblende syenite and then to hornblendite. The thick sills 
and lopoliths also show a series of rocks in genetic relation, most 
of the series being in gravitative arrangement — ^with the lighter 
rocks near the tops of the sills. In the logical development of 
Igneous theory, these masses that are exposed from top to bottom 
give us our best evidence as to the) behavior of magmas during 
injection and crystallization 

Lava flows from volcanic centers are less definite in their rela- 
tionship, but It is easy to believe that two flows from a single 
crater have some sort of genetic connection Daly has compiled 
the series from many examples, and there are commonly acidic, 
medium, and basic rocks, but no uniform order, or cycle A rather 
large number are dominated by basalt and rhyolite in irregular 
alternation 

Where rock series are thus related it is common to study them 
by graphic methods One of the simplest plots of a series shows 
the minerals of each rock quantitatively by bars, and a composite 
of the series, by a series of adjacent bars (Fig 40). A more 
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valuable plot is based on chemical data if available There are 
several methods of showing how the chemical constituents differ in 
the different members of a senes. Perhaps the best makes use of 
the locations of the specimens as abscissas, and the amounts of a 
certain oxide as ordinates and diaws a curve tliiough the points so 



ro~^ r~i I 1 Ezssi I 1 

Quartz Orlhoclaso AliJic Hornblende Other 

PlopiodaGC 

Fig 40 — Diagram of the modes of seveial facics of the Saganaga batholith in Min- 
nesota and Ontaiio The central granites constitute 85-90% of the exposures 
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located (Figs 41 and 42). This is a so-called “variation dia- 
gram,” and presents very clearly the nature of a series. Where 
the locations are not known or where they give less regular curves, 
it is common to plot the silica contents as abscissas and the contents 




The Greenstone Flow, Michigan (after Broderick) 

Fig 42 — Variation diagram of the “greenstone flow,” Michigan 
(Modified from T M Broderick ) 








Per Cent Oxides 
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of other oxides as ordinates Many such diagrams have been made 
in reports on areas where chemical work has been available (Figs 
43 ^”<1 44) • The student should study these variation diagrams to 
see the nature of rock series as actually developed in the earth A 
simple plot of silica and alkalies on two coordinates serves to show 
that there are senes of different kinds (Fig 45) 



Fig 45 — Cuives of the differentiation senes in four districts, showing that the trends 
of differentiation are different Squares, Igdliko batholith, Gieenland Circles, 
Essex County, Massachusetts, alkalic Crosses, the same, subalkahc Spots, 
Vdkkero, Norway 


It IS possible to show more than the two constituents, silica and 
alkalies, by using a triangular plot Several such have been sug- 
gested ® Perhaps one of the most valuable is a plot by von Wolff 

® A Holmes P etrographic Methods and Calculations, pages 227-8 and 
472-90, 1921 

A Johannsen A Descriptive Petrogiaphy of the Igneous Rocks, volume 
I, pages 100-139, 1931 




120 


REMARKS ON THE IGNEOUS ROCKS 


which shows the trend of a series of rocks very well on a triangle 
with quartz at the apex, feldspar at the left and augite at the right, 
and extensions below for deficiencies of silica (Fig 46). 



Eionoinn Intcn’\t i« li/ncons Roik\ — Somi of the most 
prominent uses of igneous locks have been mentioned in the de- 
scriptions of the rocks A icview with ceit.im additions will 
emphasize the value of rock study, commercially 

The important featuies of building stones aie sticngth and 
durability, widely spaced joints in the quarry, populai coloi, and 
workability Stiny has listed in detail some 39 piopeities of stone 
which can be tested in determining its adaptability Inteiest cen- 
tals in the stiucture, textuie, and mineials Flow structuies in 
unaltered igneous rocks are not especially injurious for build- 
ing materials unless they aie actually openings as in some lavas 
The fine-grained rocks are commonly more closely jointed than is 
desirable in good building material, but when blocks can be ob- 
tained of good si/e the fine rocks prove as serviceable as coarse 
In any grain size, a mosaic fabric shows less strength than a 
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sutured or interlocking one, but this is seldom observed without 
a microscope 

The minerals listed on pages ii to 17 as essential are all suffi- 
ciently strong and weather-resistant to be satisfactory in a building 
stone. Nepheline and olivine are most soluble and on polished 
surfaces might soon weather forming discolored pits. Micas espe- 
cially when in clots or aggregates are so soft that they are not easily 
polished Much more objectionable than these are the introduced 
pyrite and the secondary kaohnite. Pyrite, especially in small dis- 
seminated grains, oxidizes rapidly on exposure, stains the rock 
brown, and generates sulphuric acid which attacks other minerals, 
weakening the stone and producing sulphate salts that form un- 
sightly efflorescences Kaohnite in feldspar greatly weakens the 
grains 

Granites are probably used in more buildings than other ig- 
neous locks, but in the market all granitoid rocks and some gneisses 
are sold under the trade name, granite A “black granite” is 
probably a gabbro, and although dark rocks may be too somber for 
a whole building, they may be attractive in combination with others 
The demand for stones of special kinds runs in cycles and is based 
on popular fads. 

Several igneous rocks, especially granites, are used for monu- 
ments and ornamental stones For conciete aggregate, any ig- 
neous rock lb excellent unless the grain has been loosened by 
weathering For macadam roads, trap lock is best, but several 
others are satisfactory Volcanic ash and pumice are excellent 
abrasives produced in Nebraska, Kansas, and California. Certain 
tuffs can be mixed with lime to make cement 

The coarse grains of pegmatites make it possible to sort out 
pure minerals by hand and several are so produced commercially 
Quartz, orthoclase, muscovite, and apatite are most common in 
granites, but the cost of separation of small grains is great, and 
such minerals aie produced almost wholly from pegmatites These 
rocks are also the sources of several gems, such as tourmaline and 
topaz, and of several metallic ores 

The ores of most metals are deposited in some relation to 
Igneous rocks, and the kind of rock is an important guide for the 
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prospector These broad lelations have been given detailed dis- 
cussion by Buddington in the Lindgren Volume on Ore Deposits 
of Western States Ceitain metals form segiegations in basic 
rocks; and a veiy different group of metals occui in veins near the 
contacts of intei mediate or siliceous igneous rocks Finally there 
are igneous locks, which aie “protoies,” from which ores may be 
formed by weathering and emichment. It is well known that 
some bauxite ores of aluminum aie dciived by weathering of 
nepheline-syenites lion oies are largely products of weathering, 
and partly fiom original iron-iich igneous locks such as peiidotite 
The peridotites have other valuable alteration products as well, 
asbestos, magnesite, and the nickel silicate ores 

The characteristic segregations in basic rocks are titaniferous- 
magnetite, nickeliferous-pyrrhotite, chiomite, and some ores of 
copper and platinum Diamonds aie commonly i elated to kim- 
berlite 

The lode deposits related to granites and similai batholiths and 
stocks seem to have formed by emanation fiom the magma into 
Its roof and walls, or into its already solidified uppei paits — its 
hood. Professor Kemp eaily obseivcd the zonal aiiangcment of 
the metals deposited around an igneous ccntci " The facts in some 
specific districts had been noted, and he called attention to the 
generality of the relation Near the igneous souice and m peg- 
matites that are themselves igneous, arc cassiteiitc, molybdenite, 
and minerals of ladium and uianium, and lithium With some 
ovei lapping or telescoping, the sequence away from the souicc 
includes iron, arsenic, tungsten, coppci, gold, zinc, lead, silvci, 
antimony, and mercury Intermediate locks, dioiitc and syenite, 
may have lodes with zones of metallic ores, but the sequence is 
less extensive 

“J T Kcitip Th( Zorifil Dishihiifinn of (hr\ /loitriil fatuous Cvnfeis 
Economic Geology, volume i6, page 474, 1921, and volume 17, page 46, 1922 



CHAPTER VII 

GENERALITIES REGARDING SEDIMENTATION 

Introduction 

Sediments are deposits of solid material (or material in trans- 
portation that may be deposited as solid) formed on the surface 
or in the outer crust of the earth under normal temperatures. 

The members of this, the second grand division of rocks, are 
as a rule much easier to identify and understand than are the ig- 
neous rocks They form a large part of the rocks exposed at the 
surface and their common members are familiar objects in everyday 
life Every student of general geology recognizes typical clays, 
shales, sandstones and limestones, and these make up nearly 99 
per cent of the sediments The minor sediments, however, are of 
some commercial value and nearly all deserve attention because 
their recognition may serve to indicate structure or to indicate 
conditions of formation not indicated by the more abundant rocks. 
For the common types, details of structure and composition should 
be studied as a basis for fuither classification and varietal names 

Materials that have been carried by moving water make up a 
large part of the group of sediments, but some have been moved 
by wind or by ice Associated with the rocks that are formed by 
the accumulation of materials carried mechanically, are other rocks 
formed from solution in water, deposited either chemically or by 
action of organisms We thus distinguish the main processes of 
sedimentation (i) True clastic or fragmental sediments are car- 
ried by mechanical processes such as form glacial till, conglom- 
erates, sandstones, and clays (2) Precipitates from solution are 
associated with sediments by (a) chemical processes, such as form 
some iron ores, salt, and gypsum, or by (b) organic processes, 
such as form diatomaceous earth, coal, and 'limestone. Along with 
these are included, in the discussion in this book, certain residual 
deposits from weathering, chiefly clays and soils, which resemble 
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mechanically deposited clays so closely that they are not readily 
distinguished 

The student should be on guard not to confuse the origin of 
the rock with the origin of the mineral in it. A quartz sand may 
have derived its quartz from a granite, in which the mineials aie 
of Igneous origin, but the sand derived from it has been tians- 
ported and deposited, probably by water, and is theieforc a clastic 
rock foimed as an aqueous mechanical sediment Again, weathei- 
ing may attack a feldspar chemically altering it to kaolinite, which 
IS so fine-grained that it is easily cairied by streams and deposited 
as clay, and this also is an aqueous mechanical sediment, in spite 
of the fact that the kaolinite resulted from chemical action on the 
feldspar 

The occurrence of sediments in the eaith is almost universal in 
the upper, visible parts of the ciust, but in mountainous icgions, 
01 in former mountainous areas worn down by ci osion, sediments 
are sparse and in large areas may be absent In the plains of gieat 
river valleys sediments may be the only i ocks exposed 

The study of sedimentation has been very active in recent 
years A committee of the National Reseaich Council undei the 
leadeiship of Di. W. H Twenhofel has issued a valuable com- 
pilation of studies undei the title a Treatise on Sedimentation, and 
this has been followed in 1939 by liis I’nnciples ol Sedimentation 

Sources of Maii-riaj s 

The chief sources of sediments may be grouped as ( i ) debris 
of eailiei rocks, broken up mechanically, (2) lesidues from leach- 
ing of eailiei rocks, (3) solutions foimcd by leaching, (4) solu- 
tions from igneous emanations, notably IICl and COj Minor 
souices include (5) cosmic dust, which foims pait of the deep-sea 
red clay, and (6) the atmospheie, which supplies snow and some 
of the carbonaceous mattei of oiganisms The igneous emana- 
tions contributed to sediments aie the same as those already de- 
scribed as Igneous effects (page 36) The minoi led clay of the 
deep sea, and the snow from the atmosphere, need no comment 
here The hydrocarbon compounds produced from the carbonic 
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acid of the atmosphere are well understood to depend on plant 
life The three important sources involve the process of weath- 
ering 

Weathering 

Weathering is a process of alteration of rocks near the earth’s 
surface, chiefly by air, water, and water solutions It is partly a 
mechanical breaking down and partly a chemical change into new 
minerals and solutions The mechanical processes may produce 
fragmental material almost without mineral change or transporta- 
tion, but in most sediments some of the minerals are at least partly 
decomposed, and nearly all are transported “Insoluble” minerals 
are only relatively less soluble than others. It is probable that 
there is no constituent of rocks that may not be chemically attacked 
by some of the reagents involved in weathering Many minerals 
are attacked so slowly as to be common in weathered residues, and 
the chief among these is quartz The most stable decomposition 
products are hydrous compounds of aluminum and iron 

It is a matter of common observation that outcrops of rocks 
and loose boulders are always more or less decomposed and broken 
down or “weathered” for a greater or less distance below their 
surfaces This may not be serious enough to prevent the accurate 



FiO 47 — Spheroidal weathering, diabase sill on north shore of Lake Superior 
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recognition of the rock, and usually within the area once covered 
by the great ice sheet of the Glacial Peiiod it is not, because the 
moving ice has ploughed away all loose and decomposed mateiials 
But south of the terminal moraine decomposition is excessive and 
may reach to a depth of a bundled feet or more producing a 
mass of alteiation pioducts that give slight, if any, clue to their 
originals. This is a common experience in the Southern States 
and in the tiopics, where the indehnite chaiacter of the suiface rock 
throws great difficulties in the way of accurate geological mapping 
The search for signs of the oiiginal rock should include an 
examination of the usually soft, aigillaceous residue for unwcath- 
ered coies of fresh rock, an examination of the texture in place, 
the colors, and the minerals Locally some conclusions may be 
drawn from the topography, the depth to ground water, or the 
nature of the vegetation. Very fragile angulai quait/ grains in 
a clay derived from weathering, suggest an oiiginal gianitc or 
quartz diorite, whereas rounded quartzes indicate a tianspoited 
sediment Traces of oiiginal textures, poiphyritic, diabasic, amyg- 
daloidal, pebbly, gneissic, schistose, and othcis may be seen long 
after weatheiing has completely changed the mineral nature of the 
lock. The colors of deeply weathered locks aie commonly icd, 
but degiees of ledness can be distinguished The stiongcst lecK 
suggest a basic igneous oiiginal, such as basalt, but biight iccl clays 
also develop from limestone and aie especially stiong evidence of 
that lock if the clay contains chert Lighter reds aic mostly fiom 
sediments other than limestone, or fiom intermediate rock, and 
the white, giay, and yellow soils are mostly from gianite or ihyo- 
lite Gieenish micaceous residues suggest basic rocks These 
color effects are modified by climatic conditions, foi led soils arc 
much more common in tropical lowlands than in temperate oi cold 
areas, where soils are light giay below humus A scdimentaiy 
clay lemains as clay after weathering and may be haul to distin- 
guish from other residual clays, but residual clays arc raicly plastic 
Bentonite, which swells enoimously in water, is a sign of original 
volcanic ash If none of these signs seive, it may be necessary to 
test some of the weathei ed rock by panning off the finer parts and 
studying the coarser heavier residues for odd features (page ). 
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If they are not easily recognized, it may be advisable to have 
microscopic studies made, for it is expensive to sink deep test pits 
to determine the nature of the formation, as has been done in some 
tropical explorations 

Products of weathering are so widespread and so individual 
that special names for them have been suggested at various times, 
such as laterite and saprolite (page 157) The U S Geological 
Survey employs the term siirfictal as a general designation for these 
untransported products of decomposition Many of them are 
residual clays. 



Fig 48 — Granite with diagonal joints, weathering, south of Butte, Montana 

(Photo by Balk ) 


Mechanical Proceaei — Mechanical processes include action 
by air, water and ice, action by organisms such as growing roots 
of plants, and volume changes lesultmg from temperature changes, 
or from chemical action Rocks are woin 01 broken by air and 
water chiefly through sand and gravel carried against the solid 
rock by winds, streams and waves These are the cutting tools by 
which air and water carve solid rock Similarly, but perhaps in 
a more striking way, ice carves rocks by means of the boulders 
frozen in at the borders of the moving ice 

The change of volume by reason of daily or seasonal temper- 
ature change is probably small in comparison with the change at 
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times of forest fires, though the alternations are more numerous 
and may have some effect in a peiiod of years Chips are forced 
off fiom rocks by the expansion of water freezing in crevices 
The spalling produced by a single foicst fire is probably compar- 
able to the effects of sun and frost foi i,ooo yeais, though the 
great effect of a fire may be partly a result of previous loosening 
of grains by sun, frost and other agencies Deep weathering to 
residual boulder-like masses cannot be considered a result of forest 
fires Commonly spheioidal stiuctures result (Fig 47). This 
is not a sign of altitude, or of deseit conditions, but lather of a 
moist situation, where the hydration of fcldspais and othei min- 
erals causes exfoliation. The effects of tcmperatuie change may 
be subordinate to the mechanical effects of hydration ' 

Gravel is produced chiefly subaeiially, though the pressure of 
ice may break some weak rocks, and even wave action may develop 
a force of a kilogram per square centimeter and hi eak off fi agments 
of shoie cliffs Noiton has discussed the ciiteiia of origin of 
sedimentaiy breccias (page 159) 

Most erosive action is exerted on the sui faces of land masses 
of wide area lather than on coast lines, so that the souice of a 
sediment is seldom the neaicst cliff of lock exposed The sedi- 
ments from river and i am eiosion are probably fifty to one bundled 
times more abundant than those from maimc ciosion of shoies 
Sediments tianspoitcd foi gieat distances usually leceive mmcials 
fiom a variety of lock souices All the locks pioduced by me- 
chanical bieaking of earlier locks aic called fiagmental or clastic 
rocks 

Chemi(<tl Processes — The solutions foimccl by the leaching 
of locks pass into giound watei and m huge part into the iiveis, 
so that analyses of the iivei watcis show the main lesults of 
leaching in a bioad way In mountainous legions the dissolved 
metals aie Ca, Na, and Mg, and the acid ladicles aie CO„ SO,, 
Cl, and SiOj, in the order given On the plains Na and SO, 
become more important, eithei by piccipitation of eaily solutions 

’ Eliot Blackwcldei discusses these ptoc esses 111 two papers in the Journal 
of GeoloKy, volume 33, pages 793-806, 1925, and volume 35, pages 134-140, 
1927. 
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or by additions from the rocks of the plains. Note that K and 
S1O2 are not largely carried in solution and that the CO* is largely 
from the atmosphere. 


TABLE VI 

Order or Rate op Loss by Weathering, Assuming Alumina Constant 
S S Gokhch, Journal of Geology, volume 46, page <;4, 1938 


Steidtmann 

Leith and Mead 
acid igntous rocks 


Goldich 


Morton 

gneiss 

Medford 

diabase 

Black Hills 
amphibolite 

CaO 

CaO 

Na20 

CaO 

CaO 

MgO 

NajO 

CaO 

MgO 

Na20 

Na^O 

MgO 

MgO 

K2O 

MgO 

K2O 

K2O 

K2O 

Na20 

Fe oxides 

S1O2 

S1O2 

S1O2 

S1O2 

S1O2 

Fe oxides 

Fe oxides 

AI2O1 

AliOa 

ALOs 

A 1 , 0 , 

AI2O3 

Fe gam 

Fe gun 

K >0 gain 



H2O gam 

HiO gam 

K2O gain 


The losses indicated by analyses of fresh and weathered rocks 
are similar (Table VI), and examples of some lesults are shown 
in Figs 49 and 50 

Goldich has suggested that there is a “stability series” in the 
attack of common rock minerals, strikingly like the reaction series 
of Bowen (page 38), indicating that mineials neai the top of that 
senes aie moie lapidly attacked by average weathering than those 



Fio 49 — Straight line diagram of the weathering of granite gneiss, Morton, 
Minnesota (After Goldich ) See Table VII, page 130 
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Fig 50 — Curves of changing mineral content on weathering of gneiss, 
at Morton, Mmn (Aftei Goldich ) 
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TABLE VIII 

Alieration 01 Common Minerals (Modified from Holmes) 



Hydrothermal 

alteration 

products 

Weathering products 

Minerals 
deposited 
from solution 

Deep-seated 

minerals 

Secondary 

minerals 

Removed in 
solution* 

Quart 7 



S1O2 

Quart?, opal 
chalcedony 

hcldsparb 
Orthocla&e | 

Plagioclasc * 

1 

f Sencite 

Clay minerals 
Zeolites 

F pidote 
Paragonite 
Clay minerals] 

Kaolinite 

► Other clay minerals 
Bauxite 

K2COS 

S1O2 

' Na2COs 
CaH2(CO02 

Salts 

Calcite 

Gypsum 
Glauconite, etc 

bclclspathoid 

Zeolites 

Sencite 

kaolinite 

Bauxite 

NaiCO, 

k»C02 

S1O2 

Salts 

Muscovite 

Scncite 

Hydromicas clay, 
etc 

k,CO, 

S1O2 

Salts 

Biotite 

Chlorite 

I imonite, clay, etc 

(Mg Fc)Hj(CO ,)2 

Suiente 

Glauconite, etc 

Aiigitt 

Hornblende ^ 

Biotite 

Chlorite 

I imonitc 

Clay minerals 

SiO, 

CaH2(CO,). 

MgH2(CO0» 

FtH2(C0,)> 

Calcitc 

Dolomite 

Sidcrite 

I loi nlilcnclc 

Biotite 

Chlorite 

hnstatitc and 
Olivine 

Serpentine 

I ale 

Iron oxides 

I imonitc 

Hematite 

SiO. 

MgH2(CO0> 

FeH.(CO 0 * 

Siderite 

M ignesite 

I imonite 

Magnetite 

Pvrite 

I imonite 

FtH>(CO 0 > 

I imonitc 

Pyritc 

Pyritc 

1 imonite 

FtS 04 

H.SO4 

1 imonite 

G\psum 

Ilmcmte 

Leucoxent 

Rutile 

Leucoxene 

I imonite, etc 

FtHiCCOOi 

Limoni te 

Garnet 

Chlorite 

Limoni te 

Clay minerals 

Bicarbonates 

I imonite 
Carbonates 

Apatite 



Ca,(PO«), 

Phosphorite, etc 


* SiOi in solution is probably colloidal Carbonates derive CO 2 from the air The HiS 04 
fiom pyrite turns much of the carbonate to sulphate 
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below Several generalizations have been attempted also to show 
the order of attack of the minor accessoiy minerals,- but these 
usually need the microscope for identification The least soluble 
constituents, AljO, and FcjO,, aie rathci readily dissolved in the 
presence of organic mattei Ciusts of J}auxLtc and iron oxide at 
the surface arc therefoie foimed mostly where humus is rapidly 
destroyed by bactei lal action 

Conditions and Results of JFealheiinq — Tt will be noted that 
the conditions that favor weathering are vaiied Rocks are most 
weatheied above the water table, in warm moist climates, wheie 
the topography favors considciable circulation of water The 
locks most rapidly weathered aic the porous, fine-grained rocks 
containing soluble minerals, notably the carbonates, basic silicates, 
pyrite, or volcanic ash The porosity may be piimaiy, as in a 
fiagmental rock or in an amygdaloid, or secondary, in sheared 
metamorphic locks Probably acid northern soils lose a good 
deal of alumina and iron’* leaving silica concentrated, in contiast 
to the alkaline soils of waim moist areas, in which piactically no 
lion and alumina aie lost 

The whole discussion cmphasi/cs the vaiicty of materials avail- 
able to be woiked ovei into sediments — fiagments of the original 
rocks, pioducts of then altciation by hot watci and by weatheiing, 
and the solutions foimed by then decomposition 

The results of weatheiing commonly intliKle a senes of /ones* 
or horizons fiom the suiface down to ficsh rock at depth — the 
soil piofile Those hoii/ons fiom which mateiial has been re- 
moved — eluviated — are called A horizons, those eniiched by matc- 
iial added fiom A — illuviated — aie B hoiizons, the iindiffeicnti- 
ated paicnt matciials are the C hoiizons Results depend on 
climate and ground water conditions as much as on oiiginal lock 

•*A B Cozzens Rates of Jf'ent o{ Common Minn ah Wash Univcisitv 
Studies, Science & Technology, No pp 71-80, loii 

G A I'hiel Setitnii nfarv and Petro^iafihu Analysis of the St Pita 
Sandstone Bull Geological Society of America, volume 46, pages SO^-boo, 
IQ?'? 

"A Salmincn On the IVeathnint; of Roiks and the Conipontion of Clays 
Ague Experiment Station of Finland, 19 

‘Gt W, Robinson Soils, ad Ed, igja 
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Sample Soil Profiles 


(i) Typical 

(2) Limestone of Southern 
United States 

(3) Latentic, tropical 

Ai Amorphous peat soil 

A Light brown clay 

B Ferruginous crust 

Ai Ash gray, leached of sesqui- 


A Leached zone 

oxides 



Bi Black layer Humus stain 

B Reddish brown 


on gravel 



Bi Brown layer of sesquioxide 


Decomposed zone 

coating on gravel 



C Gray parent glacial till 

C Gray limestone 

C Basic Igneous rock 


Transportation 

The discussion of mechanical transportation by water may be 
divided into three parts on the basis of sizes of grains. Sand 
and gravel are carried by rapid streams, and the size of particle 
carried varies with the sixth power of the velocity. Thus if we 
have a current of proper velocity to move a cube of one cubic 
inch, and then double the velocity, the faster current can move a 
cube of ( 2 ) “ or 64 cubic inches — a cube 4 inches on the edge An 
appreciation of this law makes the size of boulders moved by many 
streams at times of flood, less surprising See the problems of 
Chapter XIII This simple law is, of course, much modified by 
other factors, such as the smoothness of stream bed, the slope, 
and the shapes and specific gravities of the grains A convenient 
average figure to remember as a basis for calculation is that a 
quartz gram i mm in diameter is moved by a stream flowing about 
150 cm per second, or 3^ miles per hour — ^water flowing about 
as fast as a man walks 

With smaller grains the method of transport is different Par- 
ticles smaller than coarse sand require much higher velocities than 
indicated by the sixth power law ’ The velocity of a stream at 
the sides and bed is not as great as near the center, and a thin 
layer of water near the bottom has “laminar” rather than “turbu- 

“ W W Rubey The Force Required to Move Particles on a Stream Bed 
U S Geological Survey, Prof Paper 189 (E), pages 120-140, 1938 
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lent” flow. At the base of a granule resting on the bottom, the 
water velocity is zero, but at the top it may be high The pressure 
difference tends to lift the particle into suspension b'or small 
giains this factor is more important than the sixth power law 

With grains below ooi mm in diametei the suspension grades 
into colloidal solution Such grains attach to themselves electrical 
thaiges, and repell each other so that thcie is little tendency to 
settle in pure water A suspension of fine clay may lemain cloudy 
for years. Nevertheless it is noteworthy that most sea water is 
not muddy, even where ocean currents keep it agitated Clearly 
the sea water has caused a coagulation or flocculation of the clay 
so that larger particles form and settle This is because the sea 
water contains electiolytcs in solution They aie ionized with 
abundant positive and negative charges. The colloidal particles 
with their charges, when mixed with electrolytes, atti act the charged 
ions of opposite sign, and then no longer repell each othei They 
gioup themselves into aggregates which settle lapidly When, 
theiefore, a sediment-laden stre.im flows into the sea oi into a salt 
lake, even the finest part of its load speedily settles out 

While we may state thus simply the laws of sedimentation, we 
must not expect in Natuie such well-soited and diffcientiated le- 
sults as would at first thought appear to be the lule Of iiveis 
and shoi e cui i ents — the two gi eat transpoi ting agents — the f oi inei 
aie subject to floods and ficshets, giving cnoirnously inci eased ef- 
ficiency for limited periods, and again to droughts, with the same 
at a minimum, so that dilfeient sediments overlap and aic involved 
togethei Tddies and quiet poitions in the sti earns themselves 
contiibute fuither confusion, and an intci mingling of coarse and 
fine materials Shoie cun ents have parallel increases of violence 
at times of wind stoi ms 

One further mode of transpoi t may be lefeired to as “mass 
movement ” It covers such a variety of things as landslides, rock 
slides, the “creep” of wet muds and soils down slopes, and the 
movement of large layers of freshly deposited muds on deltas, 
eithei from later loads of sediment or by slipping down the foreset 
slopes 
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Transportation by air produces deposits of sand and silt, but 
the air carries relatively little coarse material, and it sorts the 
material closely into grains of one size in a single bed Glacial 
ice on the contrary cariies grains of all sizes and deposits them 
together in confusion. 



Angular Sub angular Sub rounded Rounded 

Fig $x — Shapes of fragments in sediments 


Transportation tends to wear down the mechanical sediments 
to smaller sizes but, depending on the original sizes, hardness and 
other factors, some pebbles may be transported by water 500 to 
2,000 miles before being entirely reduced to sands. 

This same wearing down by transportation tends to round the 
corners of grains, so that the shapes of grains are of importance 
in interpretation Sharp angular grains indicate either a short 
transport or glacial action. In a study of pebbles and to some 
extent of sands, the student can distinguish about four grades in 
the progress of wear (Fig 51) — angular, sub-angular, sub- 
rounded and rounded “ The sands along beaches may be trans- 
poited several bundled miles before becoming rounded. Grains 
5 to I mm in diameter seem to become rounded before grains 
of much smaller si/es Possibly rounding is accomplished more 
promptly by wind than by water currents because the grains are 
not cushioned from each other by water films The well-rounded 
sands have probably been transported more than once 

® More accurate research methods distinguish “sphericity” (m three di- 
mensions) and use calculations to obtain numerical values to show the changes 
in form H Wadell Volume, Shape and Roundness of Rock Particles 
Journal of Geology, volume 40, pages 443—451, 1932, Sphenctty and round- 
ness of rock particles. Journal of Geology, volume 41, pages 310-314, 1933 
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The student may note as additional featuics (Fif? 52) some 
scratched facets on glacial boulders, the shaip lulgcs and polished 
facets on the ventifacts — pebbles cut by wind-blown sand — and the 
disc-like forms common in beach giavel. Small grains of single 
minerals, such as quartz in common sands, may show sccondaiy 
growths of crystal faces, developed at some time aftei the deposi- 
tion of the more or less woin giains 



Flf. 52 — Shapes of piliblcs of different oiij^ins A, loiinded, H, siib-iounde ei , (', 
angulai , 1), discoid, F, faLcted and stiiated glaeiil pebbles, I<, Dnikantei, 
faceted by wind-blown sand About one*fuuith natiiial si/e C'oiiiltsy oi the 
McCjraw-Ihll Book Company 

The sui faces of giains arc also notcwoithy Water woin 
sands are better polished than wind blown giains, which commonly 
show a surface resembling giound glass — called “fiosted” or, if 
the depiessions are visible, “pitted” 

Transportation works togethei with deposition — discussed in 
the following section — to separate or sort out grains of certain 
character or si/e from others The common rule is that heavy 
and soft minerals concentiate in finei sizes, and light and haid 
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minerals m coarser sizes ^ Most of the sorting, however, is 
dominated by the separation of the sand, silt, and clay sizes, thus 
normally separating the quartz of sand from the aluminous sili- 
cates of the clay sizes 

Transportation in water solution requires no special comment 
(see page 131). 

Deposition 

Most sediments, having been transported by water, are depos- 
ited as bedded or stratified deposits. Beds or strata differ from 
one another in texture or composition or both (Figs 53 and 60). 
The thinner divisions within a bed of considerable thickness are 
called laminae. Many of them differ from each other only in 



Fig 53 — Stratified rocks A sandstone quarry at Sandstone, Minnesota 
Courtesy of the McGraw-Hill Book Company 


W Rubey The Size Distribution of Heavy Minerals Within a 
Water-laid Sandstone Journal of Sedimentary Petrology, volume 3, page 4, 

1933 
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coloi, though others may differ m tcxtuie and composition also 
Laminae aie rarely moic than half an inch thick (h'lg 54) 
Thicker bands by geneial usage are called beds or stiata, and they 
are commonly separated fiom the beds above and below them by 
bedding planes along which there is little cohesion A gioup of 
beds of similar mateiial constitutes a foiination These several 
structures may be veiy smooth and unifoim over gieat distances, 
as in some clays and chemical and organic sediments, but in sand- 



Fig 54 — Varvod <lay and sand, of prc-Camhuan, I akt County, Miniusota 


stones and mechanical sediments the beds aie likely to be \ciy 
iricgular Practically all beds ultimately grade into other matc- 
iials lateially, 01 pinch out so that in a laige or small way they 
are lens-shaped If a sjandstone wedges out between impeimeable 
beds. It makes a trap for petroleum as serviceable as an anticline 
Not uncommonly beds can be traced laterally over very many miles, 
and large areas Some have been deposited on continents and 
otheis on ocean floors at various depths The deltas of gieat 
rivers are transitional from marine to terrestrial 
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The structures of sediments are objects of a most interesting 
and valuable study, but involve so many details as to constitute a 
separate course of study which can be only briefly abstracted in 
these pages devoted mostly to identification and classification 
The major structures of the great accumulations of sediments 
result from the filling of subsiding basins called geosynclines The 
total accumulations of shallow sediments may be as much as 50,000 
feet thick In any particular period the sequence of sediments in 
the geosyncline is normally (i) conglomerate, (2) sandstone, (3) 
shale, and (4) limestone. Minor rock species may fit in at definite 
places in some such series If, on occasion, there is a reversal of 
the normal sinking of the geosyncline or if there are minor oscilla- 
tions the sequence is reversed Corresponding to the crustal sink- 
ing the shores of the basin of deposition migrate to produce a 
normal overlap of higher sediments over greater areas than the 
lower Where oscillation occurs there is the contrasted shoie 
effect of offlap If sediments are carried by streams to the sea 
shore where water is deep and quiet, there is a tendency for the 
sediment to deposit almost at once. If the sea is shallow, however, 
and the currents and waves are active, the sediment is not only 
carried far out to sea, but it acts as a cutting tool to carve the rocks 
on the floor of the shallow sea Between these two conditions 
there must be at places a gently sloping sea floor, where neither 
eiosion nor deposition is active Such a slope is a “profile of 
equilibrium ” There is a constant tendency at any shore with 
stationary crust conditions, to build up or cut down to such a profile 
Where sedimentation builds up the sea floor to the profile of equi- 
librium any further supply brought in by streams will be carried 
across the deposited sediments, without further deposition till it 
reaches deeper water, below “wave-base ” 

With all the possible complexities of the process, the result is 
that the geosyncline is filled with sedimentary formations, grading 
both laterally and vertically one into another, with unconformities 
marking chiefly the beginning and end of the period of sedimenta- 
tion The repetition of conditions of sedimentation in a succeed- 
ing period, or m the minor oscillations of a developing geosyncline, 
results in cycles of deposition which have proved economically in- 
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teiestmg at places, sucli as the coal basins m Illinois. A senes of 
beds resulting fiom such changing conditions constitute a cyclotliem. 
Cyclothems may lesemblc each othei so closely that, il only one 
IS exposed, it cannot be identified, but ceitain peculiantics commonly 
distinguish one from another'* Cycles commonly involve diffeient 
lates of deposition and diffeient kinds of sediment In some cycles 
of sedimentation the deposition not only becomes slowei but ac- 
tually ceases, and for a time the fieslily deposited sediment may 
be so near to the surface of the sea that it is subjected to eiosion 
If the break in deposition is veiy inconspicuous it is a “diastcm” 
rathei than a disconformity, the lattei term indicating a moic im- 
portant erosion inteival. Similai cycles may occui dining lime- 
stone deposition, with times of active deposition grading into otlieis 
when deposition is letaided oi wholly stopped If it stops with 
fleshly deposited calcite standing in shallow watei, the caliite may 



Fig 55 — The com ict of two limestone formations, St Paul, Minnesota The lowti 
one IS touoded and hlaiktiud, but not tilttd oi <Mod(d 

** H R Wanicss Pennsxlvaman Cotulations in /hr h asinn Inlaw? and 
Appalaihuin Coal Fields Gcolo^^ical Society of Amcnca, Sptcial Papei 17, 
pages 8-9, 1939 
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be partly redissolved, and the residual fragments may be rolled by 
the waves. This commonly results in corroded flat pebbles of 
limestone After the deposition of limestone begins again, the 
interval of non-deposition, the diastem, is marked by the pebbles 
and the corrosion zone (Fig 55) Evidently some sedimentary 
beds may be deposited rather rapidly, but where they are part of 
a cycle, the whole formation, including gaps and erosion, may have 
taken very great lengths of time to be completed 

In the next smaller unit, the formation, structures of interest 
are bedding, with gradations and interfingering, crossbedding, 
lamination, and all the interesting phenomena of beaches and 
stream bottoms, such as ripple marks, worm borings, mud cracks, 
and lain punts The clays of several formations, notably those 
of the Pleistocene lake beds, show a “varved” character, a grada- 
tion in each lamina from a coarse-grained base to a much finer 
top, with an abrupt change to the coarse base of the next lamina, 
foimed in similar sequence the following year (Fig 54) These 
probably result from sedimentation in glacial lakes, where the 
supply of watei from melting ice varied with the seasons — spring 
and summer floods bunging coarse sands, and the cold winters 
with little water, permitting the finer sediment to settle before the 
next flood Several of these structural features may persist 
tliiougli metamorphism and folding and determine the original 
position of defoimed or overturned beds® 

Sediments that are porous as deposited may enclose in their 
poi es some of the water in which they settled, called connate water 
Wheie such sediments are enclosed in other beds with low permea- 
bility, the connate watei may remain through geologic periods, and 
thei e IS evidence of such connate waters associated with petroleum 
in some fields It is peihaps less surprising to find evidence that 
watei remains so long unchanged when it is recalled that petroleum 
has evidently remained in certain beds since Ordovician time 

Organic deposition may occur in three ways where the func- 
tioning organic material is accumulated, as in coal , where the hard 
parts, skeleton or shell, are accumulated, as in coral reefs or dia- 

“ T L Tanton Determination of Age Relations in Folded Rocks Geo- 
logical Magazine, volume 67, pages 73-76, 1930 
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tomaceous eaiths; and where the oiganism causes a reaction which 
precipitates some substance fiom the solution around it, as m algal 
precipitation of CaCO, or limonite These processes may be 
interwoven with mechanical action which rewoiks the deposit 
almost as soon as deposited 

Chemical deposition from solution is chiefly by evapoiation, 
but iron mineials may be precipitated by oxidation and hydiolysis 

On evapoiation of sea water a series of minerals precipitate. 
When the volume is leduced to about 50 per cent of the oiiginal, 
the only piecipitates are (i) FejO, and (2) CaCO, When eight- 
tenths to nine-tenths of the watei is lemoved, some (3) gypsum 
precipitates, (4) salt, NaCl, piecipitates only after the volume 
IS reduced to about one-tenth of the 01 iginal These sevei al pre- 
cipitates overlap a little, but some beds may be formed of fairly 
pure minerals, with only a small giadation /one to the next 
mineral After the beginning of salt piccipitation {<;) anhydiite 
forms rather than gypsum, and there is commonly some altei nation 
Later there are piecipitated (6) magnesium sulphate, (7) the 
double sulphate of magnesium and potassium, (8) magnesium 
bromide, (9) the double chloiide of magnesium and potassium, 
(ro) a hydrous magnesium chloiide I’he sequence may be in- 
teirupted at any stage by diainage 01 by the addition ol licsh 
water, so that the complete senes is ileposited at vciy lew places 

Cl-MKNrAIION AND DlMSI'NI SIS 

The division between sedimentaiy and metamoiphic rocks is 
aibitraiy Piocesses of change may begin m sediments as soon 
as they aie deposited If the change is gieat, and especially if it 
has taken place under high tempciatuie and pressuie, we call the 
lock metamoiphic, but if slight we still class the rock as sedimen- 
tary Certain changes that occur befoic the succeeding beds of 
sediments (more or less uncertain as to volume) are cleposited, 
are classed as primaiy changes or processes of diagenesis, and arc 
included in sedimentary processes These include concretionary 
effects, cementation, and even a certain amount of dehydration 
(clays) , leciystalli/.ation (limestone) and replacement (dolomite). 
By definition dtagenens denotes physical or chemical changes in 
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sediments before consolidation, consolidation, however, as applied 
to sediments is not a very definite term 

Induration usually involves the introduction of some cementing 
material Those constituents of a sedimentary rock that have 
formed or solidified elsewhere and been brought from another 
place are allogenic, those formed within the sediment by changes 
subsequent to rock deposition are authtgemc The cementing min- 
erals are partly allogenic and partly authigenic Diagenetic ce- 
mentation IS commonly effected by water solutions 

The cements are chiefly carbonates, iron oxides, iron sulphides, 
and silica in various forms, less commonly there are cements of 
hydrothermal minerals. The mam locations of deposition of sands 
— the bottoms of shallow seas — are probably not very favorable 
to cementation, foi there is little circulation through them. The 
amount of ground water in the rocks of the crust is much less than 
was once supposed The source of the cement may be local or 
distant Many of the calcareous cements may be produced by 
the recrystallization of shells almost as soon as they are deposited 
Feldspars may be altered to form aigillaceous cement The po- 
1 osity of sediments as deposited may be 30% or more, but cementa- 
tion may 1 educe this to less than 5% 

Meteoric w.iteis probably cause some cementation durini; artesian circu- 
lation thiough long periods of time, but studies in deep mines indicate that 
tlnir effi ctivc ntss is slight except at shallow depths The whole of the liquid 
in an artesian leservoii moves, but the motion is most vigorous in a direct 
loutc, and slower in the deeper, longer routes In general the movement is 
fiist down, then laterally and finally upward The upward movement into 
zones of leduccd tenipiiaturc and pressure favors deposition of cement 

In clays the exact nature of the induration is not certain, it 
may be a soit of piessure cohesion, or welding Pressure brings 
the grains into close contact and may be the main factor involved 
There are in most clays, however, certain colloids, which may serve 
as binders, and microscopic studies indicate that early in the con- 
solidation of clays theie is some recrystallization Clay hardened 
by pressure may also serve as a cement for coarse fragments. 
Some detailed studies have been made of the stages of hardening 
of shales The progiess of change appears in specific gravity. 
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poiosity (page 191), hardness, hssility, ciushing sticngth, slaking, 
weather resistance, and luster 

Recrystallization as a pioccss of chagcnesis affects mostly the 
more soluble rocks like limestone When the growth of a shell 
bed IS not so rapid as to covei the shells at once with other shells, 
sea water stands in contact with the shells so long that a leadjust- 
ment occuis within the bed Small grains disappcai, and laige 
giains grow largei in accoid with the usual physico-chemical rules 
By such a piocess a piimary bed of shells may lose most of its 
porosity and develop crystals about as coarse as those in common 
marble, yet have no signs of defoimation in the enclosed fossils 
The widely used brown Tennessee “maible” is a striking example 
Recrystallization like cementation may laigely modify the poiosity 
of a sediment. Limestones icciystalli/e so easily that porosities 
range widely Some lose their porosity piomptly and almost com- 
pletely, others are leached and have then poics gieatly enlarged 

Replacements of one mineral by another aie paitly diagenetic 
The “dolomite leaction” (page 271 ) may occiii befoie a shell lime- 
stone IS buried by other sediments. It might produce a porosity 
of 12% in a lock that had little befoie, and theie aic many sug- 
gestions that dolomites aic moie poious than the limestones liom 
which they foimed 

A replacement of limestone by hematite piodiices non 01 es of 
the Clinton type Concietions of seveial kinds aic at least paitly 
diagenetic 

Fimi) and Lmioratory Mmiiods on Sm)imi-nis " 

7 'heic IS a gi owing recognition of the fact that field methods 
in scdimcntaiy locks have not always been successful and adequate 
to the lequircments of scientific study For each station occupied, 
or for each foimational unit, a senes of obscivations should be 
made Foi detailed work an outline may be cai 1 led in a notebook 
and consulted as often as needed to avoid ovci looking essential 

1" \V V Howaid <111(1 M,i\ W Davis Dtvilopmtnt of Potostty in Linte- 
\tone\ Bull A A P G , volume* 20, p.ijjes I?8(>-14I2, 

“ W C Krumbcin and F J Pettijohn h.ivc recently issued a Manual of 
Sedimentary Pitiography, 1938, giving methods m detail. 
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facts If such a sheet is not available it is at least possible for 
the geologist in a sedimentary field to memorize a list of 13 items 
that should serve to avoid any gross omissions. 

1 Location 

2 Name of rock 

3 Size and shape and topographic development, 

4 Bedding features and large structures 

5 Color when fresh 

6 Luster 

7. Composition, size and shape of gram and minerals 

8. Hardness under a hammer 

9 Fossils 

10 Concretions 

II. Variation 

12 Weathering 

13 Specimens collected 

The method of collection of material may be governed by its 
purpose’*^ — (i) peti ©graphic description, (2) suitability of the 
material foi economic use, (3) the environment of deposition, or 
(4) coi relation, by similarities with samples from other places 
It is always a problem for the field worker to determine how much 
of a sediment to include as a unit in sampling Otto has suggested 
tliat the sedimentation unit at any point of sampling is that thick- 
ness of sediment that was deposited under essentially constant 
physical condition (See page 7 ) 

Most sedimentaiy rocks are classed as shale, sandstone, or 
limestone in the field with no great difficulty When raie vaiieties 
or unexpected laie sediments are met, and when the ordinary clas- 
sification is not enough to be a safe basis for correlations, samples 
are taken for moie detailed work Probably most of the careful 
laboiatoiy woik on sediments in recent yeais has been done in 
the effort to con elate sediments encountered in piospecting for 
oil The work in piactice at a drill rig advances logically from 
the simple easy observations and tests to the more difficult ones, 
but does not usually require a petrographic microscope Fossils, 

G H Otto The Sediment atton Unit and its Field Sampling Journal 
of Geology, volume 46, pages 569-582, 1938 
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ScHhDULL K)R FiMD Dl^SCRIlM ION ()I SMMMhNIARY RoCkS 
(attci Goldman and llnvtti) 

Note — Define all terms that niiji:lit be at «ill luueitain Use metnt 
units if possible Dcsciibe fust tlu hugest units recogni/eil, thin those of the 
next 01 tit I, anti so on down to tht smallest 


A External form of the rock unit Lenticulai, peisistent, veiy lej^ulai 
in tluLkness, etc , dimensions 

B. Color. Coloi of unit as a whole, wet oi diy, atioidinfj: to Ridj;wM\ oi 
Muiisell coloi systtm 

C. Bedding 

1 How manifested Sharp, by paitinjts, by differente in textine, coloi, 
etc , tiansitional , shaly 

2 Shape of btdding suifaces Plane, undiilatini>;, i ipple-maiked, ttc , 
iriejtulai , if not plane, |>:ivc dt tails of foim and dimensions of hatims 

3 Thickness of bids Compaiative thicknesses, difhunt oideis Rela- 
tion of thicknessts, iliythmit , landom If vaiiabli, ulation hetwein 
thickness and composition, bedding, ttc 

4 Attitude and diiection of bedding sui facts Hoii/ontal, inclimd, 
cuived Relation to each otlui Paiallel, mtt itstt tinji;, tan)j:( ntial , 
anj^les between difftitnt attitiuhs and dmctions, dips, stiikts, dimen- 
sions, lelation of si/e, composition, shapt, ttc , to attitiidi «ind tliitt- 
tion, lelation of composititm to difftient t\p(*s of btdtlmj*: 

5 Maikin^s of hetldinjt sui facts Mud ciacks, lain punts, bubble iin- 
piessions, ici-ci\stal impitssitms, tiails, footpunts, ttc 

() Distill bailees of beddin);j: hdi^twist oi intiaformational t on|>;lomt latt s, 
folding or ciumphng of individual bitls bitoie c onsolulation, ttc 

D. Composition. 

I Inoiganic constituents 

a Mineialogv tn lithology of principal ctinstifuents in % 

b. Size Prevailing si/e if faiily unifoim, lange in si/ts if not, pio- 
portions of diffeient si/es, distiibution of si/es with relatmn to 
minerals and other featuies, vertical and lateial vaiiations in si/e 

c Shape Crystalline, angular, subangiilar, subrtninded, rounded, % , 
lelation of shape to size, mateiial, position in beds, etc Foi quanti- 
tative icsults on pebbles, etc , estimate ladius of cuivatuie of sharp- 
est edge, mean radius, and maximum and minimum diameter 
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d Character of surface Glossy, smooth, mat, pitted, chatter marked, 
etc 

c Orientation If not equidimensional, direction of greater dimen- 
sions with respect to bedding, to each other, etc 

f Chemical and internal physical condition. Fresh, weathered, de- 
composed, cracked, etc 

g Packing Closeness and manner 
h Pore space 

1 Cement Present or absent, proportion, composition, differences in 
composition veitically and laterally and in relation to other char- 
acters, disposition with respect to bedding, fractures, etc 

j Color: Wet or dry, location, inherent or as a stain in constituents 
or cement, variations and their relation to other factors, as com- 
position, porosity, bedding, fracturing, fossils 

2 Organic constituents 
a Kinds 

b. Sue Does the distribution of sizes show effects of mechanical 
deposition ^ 

c Condition Entire, fiagmented, degree of wear oi rounding, partly 
dissolved, etc Relation to kinds 

d Distribution With respect to chaiacter of beds, kinds of organisms, 
bedding, evidence of burrowing, etc 

c Orientation With respect to bedding, with respect to life habits, 
possible manner of death, etc 

E Concretions 

1 boim, si/c, color, composition, and uniformity oi lack of it 

2 Internal structuic central nucleus oiganic oi inorganic, central hol- 
low, homogeneous, banded hoiizontally, concentiicallj, etc , radial, 
compact , vesiculai , septaria 

3 Boundaiy against counti> rock bhaip, tiansitional with or without 
change in chaiactti 

4 Relation of bedding to concietions Continuous thiough concretions, 
deflected above, below , or both , thinned above, below, etc 

5. Distribution Random 01 legular, if regular, intervals between groups 
(layers), vertically and horizontally, differences between characters of 
concretions in different groups (layers) Relation of distribution to 
other characters, as mechanical, chemical, or organic composition of 
countiy rock, jointing, Assuring, folding, etc , of country rock, topog- 
raphy , ground-water level , etc 
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especially micro-fossils, aie of great value in coi relation, ami the 
petrographer should be constantly observing and collecting such 
mateiials, but then classification rcquiics anothci course of study 

The following procedure is given as if it was to be carried out 
in greatest detail. In piactical wotk, of couisc, the procedure is 
interiupted as soon as the data obtained aic sufficient foi the 
purpose in mind — say for coi i elation 

Rotaiy dulls produce “coie” and “sludge,” and churn drills 
produce chiefly “cuttings” below Yi inch in diameter Obseiva- 
tions begin at once as mateiial comes from tlie well h'-ven bcfoic 
that, the geologist should know what soit of sludge is being ciicu- 
lated past the tools, and how long it takes to bi ing bottom cuttings 
up to the surface. He should also know what foimations have 
been encountered at higher levels in the wells, for fragments of 
them aie to be expected as “ravel,” contaminating the cuttings or 
sludge pioduced at the bottom Good samples sliould have less 
than 20% of ravel Sands and shales may in some fields be 
con elated by their tendency to “heave,” oi squee/e into the well, 
interfering with the dulling The geologist may well consult the 
expeit drillei , he can tell much about the lock fiom the “feel" of 
the drill and the bchavioi of the pumps and the engine Sticky 
clays slow up the pump 

r Cuttings coming fiorn a well to a settling tiougli can be 
deflected into a sampling pail foi the study ol the contained lock 
fiagmcnts *^1 he fiist step is to wash out, with cleai watci, the 
sludge and vciy fine cuttings that conceal the sands and fiagments 
of lock If the foimation is shaly theie is dangei heie of loss of 
the whole sample, but most shales yield lumps in addition to fines 

2 As soon as cuttings aic visible, oi a coie of the rock is 
obtained, note whether the wet rock is “slaking” as shales do, oi 
dissolving as salts do If salt is indicated, clean the suifacc and 
check by the taste. See also item 9 of this procecluie 

3 Test at least part of the washed sample with dilute I TCI for 
effeivcscence, and the amount of soluble mateiial The amount 
easily soluble is commonly consideicd “carbonates ” After this is 
estimated, lecoid for the sample the approximate percentages of 
sand, limestone, shale, gypsum, and others. 
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4. Note the color wet and after drying, and the luster For 
accurate work use Ridgway’s color chart or the two-page abstract 
by the National Research Council 

5. Estimate the hardness or firmness of the rock, its porosity, 
and whether it has a notably high or low specific gravity. The 
cohesion of a rock or of cuttings is not usually estimated, as is the 
hardness of a mineral, but a geologist can estimate about four 
grades by the use of a hammer and a knife. Such tests are perhaps 
as much dependent on brittleness as on true hardness (page 8) 

6 Test for magnetic grains (distinguish the iron ore minerals 
fiom metallic non fragments left by the abrasion of iron tools and 
casings) 

7. Heat some of the rock to note odors of oil or carbonaceous 
matter In a closed tube hydrous minerals give off water, and 
most hydrocarbons form deposits on the walls Tests for petro- 
leum in a rock outcrop may be unreliable if the rock is much weath- 
ered A positive test may be obtained from some fresh rock a 
few inches or few feet down, even when the surface rock gives no 
sign of peti oleum 

Another test for oil is useful if any doubt arises in the closed 
tube Cover the dry rock in a test tube with acetone, shake and 
filter, allowing the filtrate to lun into clear water A cloudiness 
or milkiness indicates oil in the rock 

8 If the oiiginal sample or lesidue from acid is of sandy or 
gianulai tcxtuie, it is well to pan off the lighter minerals to see 
whether the heavy minerals are abundant or peculiar. 

9 At all stages of the work, from the first sampling to the acid 
tieatment and panning, the “mass characters” are examined closely, 
using a pocket lens, and, if available, a binocular microscope. Mi- 
cio-fossils are detected mostly before acid treatment, but other 
features may be moie easily seen after acid treatment or panning 
A great variety of peculiar features may be discovered m such ex- 
aminations (page 199). Aftei the monotony of hundreds of feet 
of common gray sand, shale, and limestone, it is noteworthy to 
find grains of odd minerals, or forms, or textures, or colors, or 
lusters, and such discoveries may supply a key-bed or horizon 
marker as useful as a fossil. 
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10 If material is wanted foi a file or needed for moie detailed 
petiographic woik, a sample is collected Furthei laboiatory 
work on the sample includes the separation of giains by size 
(screening oi elutiiation) and the separation of heavy mineials 
by use of bromofoim and the identification ol minerals by the petro- 
graphic micioscope " These aie not usually done at the dull ng. 
The more accui ate data may be shown by diagi ams, and the student 
should be familiar with the several kinds (Chapter XIII) 

n At the well the recoid of obscivations is commonly kept 
in a notebook, from which a graphic log may be consti ucted See 
pages 202 to 206 

’®Tlie methods of work with heavy liquids may be qualitative for some 
roufih comparisons The accurate counts of siweial IuiiuIksI ki.iuis aie time 
consuming and not usually jiisti/ied unless all the pieliminaiy work of sampling 
and separation is done with more caie and standaidi/ed methods th.in usual 
R D Rt“cd and J P Bailey Sulnuifficf Cumlntion hy Minns of Heavy 
Mineials Bull A A P G , volume 1 1, p <(>7, I<J27 



CHAPTER VIII 
THE SEDIMENTARY ROCKS 
Introduction 

The classification of sediments here used Is mineralogical and 
serves as a basis for description Probably 99 per cent of our 
sedimentary rocks consist of clay, sandstone, limestone, and mix- 
tures of these The clays probably make over 50 per cent and 
sandstones are clearly more abundant than limestones in the re- 
mainder. Those sandy textured rocks in which the grains are 
calcite are most conveniently treated as limestones Many minor 
sediments have special names, which characterize them with rea- 
sonable exactness They are best learned by a study of labelled 
specimens The abundant sands, clays, and limestones show such 
a wide range of vaiieties that it is best to subdivide such groups 
There aie needed in the fist place some qualifying adjectives 
Clay IS an argillaceous rock. 

Sandstone is an arenaceous rock 
Limestone is a calcareous rock. 

Coal IS a carbonaceous rock 
lion ore is a ferruginous rock 
Salt is a saline lock 

Vaiious other adjectives refer to less common rocks 
The teims are used mostly to describe mixtures We seldom 
say “argillaceous rock” when we mean clay, but if a sandstone 
contains some clay, it is an argillaceous sandstone Most of the 
terms are clearly mineralogical, but “arenaceous” may be textural — 
usually It implies quartz as well as sand sizes of gram 

Some attempts have been made to apply a uniform system to all sedi- 
ments, but none has been accepted as of general application Several of the 
proposed terms are widely used, however, and a few are here listed, as possibly 
serviceable in distinguishing varieties of the common sediments, especially in 
emphasizing the chief agent in their genesis 
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Hydrogcnic, mostly precipitated from water 
Biofyenic, shells, skeletons, and plant lemains 
Anemodastic, bioken by wind eiosion 
HydroclastiL bioktn by water erosion 
BiocIastK broken by man or othei living; things 

It may be Iof>;iuiI to make mam divisions of seelimentaiy rocks on the basis 
of orijtin, under thiee he«ids — elastic sediments, elumieal precipitates, and 
orjtanic remiains — with subdivisions indieMtinj>: wheie oi how the deposits ae- 
CLimulated Such a system, howevei, sereins to have few pnietieal 4id vantages 


IX 

Gradi Si/1 s <h I^raominiai (irains* 


Si/t limits 

Pieces 

Affingafis 


Rounded boulders 

Angular blocks 

(»tavi 1 

mm 

— 



Rounded cobbles 

Angulai blocks 

(iiave 1 

64 mm 

— 



Rounded pebbles 

Angulii blocks 

(it i\( 1 

4 mm 

— 



Rounded 



gr mules 

(it IM 1 ((lilt) 


Angul ir 


a mm 

Vt r\ coarse s ind gr ims 

\ ei\ to list s mil 

I inm 

- 



t 0 use s ind gl nils 

t 0 ust s uid 

1/2 mm 

Medium s md gi uns 

Medium s md 

1/4 mm 

lone s ind gi uns 

Imiu s iml 

i/S mm 

- 


1/16 mm 

Very fine sand giains 

\ eiv fine s md 

Silt j) u ticks including 

Silt 


1/2^6 mm 

— 



Clay particles meluelmg 
colloids 

th> 


* ModifiLii from Wentworth [oinnal of (itologv, voluint. 30, p 
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Conglotm I etc 
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C ongloiiu t iti 
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C onglouK I it( 

Btc 1(1 1 


C OllgloitU t lt( (( lilt) 

\ ( i\ 10 list s ind toiu 

to list s iiiilstoiu 

Mctliuin s irulstoiR 

lorii s nulstoiu 

\cr\ hm sinilstoru 

Siltstoiu ] sink, 

? imitUrone 
tla^stont intl 

J irgillitc 
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Sizes of Grain Sediments 

In common practice sediments are largely defined by the sizes 
of their grains, and in the interest of uniformity it is desirable to 
follow standard usage The suggested form much used by geolo- 
gists is shown in Table IX 

A sieve with 9 openings to the inch catches gravel, not sand 
A sieve with 230 openings to the inch catches sand, not silt or clay 
35-mesh sieve openings are 1/2 mm 
60-mesh sieve openings are i /4 mm 
120-mesh sieve openings are 1/8 mm 

I Clays and Shales and Weathered Residues 

Definitions — Clays are commonly defined as the natural earths 
that become plastic when wet, but include some non-plastic earths 
that are laigely composed of hydrous compounds of alumina and 
silica Some petrographers would base the definition on size of 
gram, specifying those disperse forms of mineral grains in which 
pai tides smallei than o 002 mm predominate, but many commer- 
cial clays have only a small propoition of such fine particles. It 
would be nearer average to use as the upper limit of the clay size 
1/256 mm, about 0004 mm Some of the properties of clay, 
especially plasticity, aie related to the fineness of grain, many 
giains being so fine as to be classed as colloidal. Most clays have 
an earthy odor. 

Twenhofel insists^ that to be called clay, the rock should have 
such a proportion (more than 50%) of fine paiticles, largely clay 
minerals, as to mask lather completely the particles larger than 
“clay-si/e ” Many commeicial “brick clays*’ have less than this 
pioportion and may well be technically classed as aigillaceous silts, 
though popular usage will no doubt continue to include them with 
clays Undei this definition origin is not emphasized Some clays 
are residual from the weathering of feldspathic rocks though most 
are transported and deposited by water 

Shale is typically a hardened laminated clay, or mixture of silt 
and clay Some shales, however, may lack one of these two 

^ W H Twenhofel, in Report of Committee on Sedimentation Na- 
tional Research Council 1936-7, Terminology of the Fine-grained Sediments, 
pages 81-104, 1937. 
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characteristics, they may be haid and not laminated, or they may 
be laminated and soft Most shales are formations that have been 
buried under othei sediments, lecent suiface deposits arc not called 
shale The lamination is commonly detected by the case of parting 
01 cleavage parallel to the bedding and is supposed to be due to 
slight differences in the texture of successive very thin layers, but 
may be due to some process of sedimentation, more oi less obscure 

It will be noted that the definition of clay rcfeired to hydrous 
compounds of alumina and silica without giving mineral names 
There are several of the so-called clay minerals and some have 
different pioportions of silica and watci, as well as stiuctuics and 
optical properties diffeient from the common kaolinite, dickite, 
naente, allophane, beidellite, montmoiillonite, and halloysite.'* A 
sciicite-like mincial occurs in many shales, probably formed by 
recrystallization after deposition These are not easily distin- 
guished in rock study, but need advanced optical, chemical, and 
X-ray methods. 

Mtneralogtc Compoutum, Vat tetter. — The clays and shales 
have varieties chiefly as they contain impurities Puie deposits of 
clay minerals are mostly white and a white kaolinite is given the 
rock name kaolin. Colors indicate some impurities, and as the clay 
becomes mixed with coaiscr debus it has tcxtuial varieties giading 
to other sediments 

The colois of clays aic white, gtay, blue, gieen, yellow, brown, 
red, black, and intcimediatc colois These bear some i elation to 
composition, for the reds and yellows almost always indicate feiric 
oxides The color is not always reliable, however, foi clays of 
essentially the same composition may have different colors and 
vii e vet sa 

The admixture of other sediments gives fctrnqinnnt clayt, car- 
bonaceous or htliiminotis clays,' laharcoiis days, gypsiferous clays, 

®See Paul Kerr, A Deiade of Researth on the Nature of Clay Trans- 
actions of the American Ct ramie Society, volume 21, pages 267-286, 1938 
I’hcre IS an odd clay mineral or mixture in Illinois, for which the name “ilhte” 
has been suggested 

*Twenhofel’s Treatise distinguishes carbonaceous shale as mixed with 
organic matter like coal, and bituminous shale as mixed with marine organic 
matter from which material like petroleum may be distilled 
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glaucomttc clays, pynttc clays, and sthceous — ^usually sandy — clays 
Less common are bauxtttc clays, diaspora clays, bentonitic clays, 
diatomaceous and radiolarian clays, and tufaceous clays. 

For each of these varieties it is desirable to be quantitative 
as soon as information is available, and even the field observer can 
distinguish a highly sandy from a slightly sandy clay. As the 
impurity becomes dominant, the classification changes — a highly 
sandy clay grades into argillaceous sand The calcareous clays 
may become about as hard as limestone with even less than 50 per 
cent of carbonate 

Beside the common sandy clays, there are silty clays, and much 
less commonly the boulder clays characteristic of glacial till, or if 
well-cemented, tilhte. Clays with concretions are mostly calcare- 
ous, but may bear a variety of concretionary materials Concre- 
tionary clay has the clay mineral itself in concentric structures. 
Fossiliferous clays are also chiefly calcareous Bentonite is a clay 
derived from volcanic ash, and composed chiefly of montmonllonite 



Fig 56 — Two equal blocks of bentonite, one wet with water and the other remaining 
dry Courtesy of the McGraw-Hall Book Company 


or bcidellite — recognized by its enormous swelling when wet (Fig 
56) and Its tendency to make a milky suspension in water * Most 
of the bleaching clays that absorb color from various oils are those 
that contain montmonllonite or beidellite Gouge is a term for 
clay made of the crushed material along a fault or vein 

■* Recent use of bentonite for decolorizing oils has led some writers to 
include under the term bentonite, other clays that serve that purpose, formerly 
known as fullers earth The mmetalogic definition is best Bleaching clays 
are said to be acid in reaction, but a practical test is only means of recognition 
See Bull A A P G , volume 19, page 1050, 1935 A suspension of bentonite 
is used commercially to inject into earth dams to make them water-tight. 
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Many terms prefixed to clay indicate physical characters with 
only very indefinite i elation to the composition and othei proper- 
ties — plastic clay, flint day (non-plastic and haul), fnc day (le- 
fractoiy), and others 

Many clays have been given names indicating origin, but few of 
these names have definite petrographic significance It is haul to 
tell an alluvial or lacustrine clay from a marine clay Some glacial 
clay is boulder clay, and varved clays, having bedding oi lamination 
with gradation upward fiom silt to clay in each bed, suggest deposi- 
tion in cold fiesli water (Fig. 54) 

There remain a senes of variety terms applied to clays based 
on uses — ^brick clay, pottery clay, slip clay, etc These tell veiy 
little about texture or minerals, but most fiie clays are relatively 
pure hydrous aluminum silicate and aie lefractoiy Variety terms 
based on age show equally little of the natuie of the rock 

The piocesses of diagencsis and later inetanioi phism make a 
series of distinguisablc vaiietics of clay 'rwenhofel suggests a 
tabulation 


Unincluratcil 


lnclur«irc(l 

After incijMent nu tamorj^hism, no sttomlu) eU iv igi 
Moilcr itc mctamoiphisin, setoiui iry e It. wage Sl.Ut 


(chy/-^ 
jSiltstom 
\c 1 i>st()nt ^ 


fis ilitv 


Aigillit( 


shah , OT imuliront 


A few terms of local or special significance aie notewoithy 
Adobe, in the semi-aiid districts of southwcstei n states and Mexico, 
IS a clay 01 silt deposit, used foi sun-dued bricks Ptpesloiir (cat- 
linite) IS a haul lecl shale used by the Dakota Indians foi making 
pipes (it contains pyrophyllitc and cliaspore) Fulleis eaith is an 
acid clay that decolorizes oil Gumbo is a sticky suiface clay 
Loes\ IS a silt with some clay, largely windblown Mad is an 
eaithy mixtuie that may contain clay Loam is a soil 01 earth with 
about equal parts of sand, silt, and clay 

Residual clays and eaiths formed by weathering make up a 
group with a nomenclatuie that lequires further comment, espe- 
cially because some are not clays, though associated with clays and 
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listed m this group. The oldest term and one still current is lat- 
ente This is probably best defined as a porous, residual deposit 
derived by the tropical weathering of basic rocks tn situ, to form 
hard surface crusts characterized by ferruginous or aluminous con- 
cretionary masses, and at places by secondary silicates ® The con- 
cretionary concentration occurs in ground waters, where evapora- 
tion is greater than precipitation Highly aluminous light-colored 
laterites contain gibbsite, are calle d bauxite, and are ores of 
aluminum, but there are other laterites that are high in quartz 
Acidic rocks do not weather directly to laterite even in the tropics, 
but form clays which, if very porous, may later be leached to 
bauxite Weathering in a desert or in temperate climates does not 
form laterite. Some residual products like bauxite may be trans- 
posed a short distance, becoming bedded deposits but still retain- 
ing most of the residual characters. There may thus be stratified 
bauxite rocks 

Commercially important iron ores are largely residual from 
weathering, and ceitain lesidual manganese deposits and phosphates 
may be noted hei e, though so small that their inclusion with rocks 
IS questionable Some especially ferruginous clays are called ocher, 
and are used as pigments, giading from red to yellow colors ac- 
coiding to the hydiation of the feiric oxide 

In 1895, Becker of the United States Geological Survey pro- 
posed the name iaprolite, a word meaning literally rotten rock, as 
a general name for “thoioughly decomposed, eaithy, but untians- 
ported rock ” This term applies well to the plastic red clay soils 
of southeastern states, but they are essentially residual clays and 
a special term is hardly needed See the section above on recog- 
nition of oiiginal locks by the study of weathered residues (pages 
126 and 127) 

Metamorphism — Clays have formed laigely by weathering 
and are but little affected by more weathering By metamorphism 
shales are compacted, haidened and ultimately recrystallized giad- 
ing through slates to schists Slates have a secondary cleavage 

’’ J B Harrison The Katainorphtsm of Igneout Rocks unehr Humid 
Tropical Conditions Imp. Bureau of Soil Science. Rothamsted Experiment 
Station, Harpenden, 1933 
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independent of the bedding and arc so much more altered than 
shales that they are commonly distinguished without trouble. 
Shales should not be called slates (page 229) 

DtUrtbutton. — Shales and clays aic such common members of 
extended geological sections that paiticulai localities descive no 
special mention Many aie moie than a thousand feet thick and 
cover gieat aieas. High grade clay for ceiarnic puiposcs is well 
known in southeastern states, in Ohio, in Illinois, and elsewhere 
Diaspore clay is important in Missoun Bleaching clays arc pio- 
duced at places from Geoigia to California Bentonite is produccil 
in South Dakota and Wyoming I’ipcstone is a Minnesota prod- 
uct Loess IS prominent in the states along the Missouri Rivei 
The marl that is a calcareous eaith has been the basis of a large 
cement industiy in Michigan 

II Sands and Otiii-r Mi-c'hank'm Si-dim1‘Nis 
(not clay or limestone) 

This group IS subdivided in a series fioin coaise to fine, as in 
the Table on page 152 'riie locks with giains over 2 mm in 
diameter arc breccias and conglomerates Sand giains range fiom 
2 mm. to 1/16 mm and silts from i '16 to 1/256 mm Minor 
varieties aie associated with these majoi groups in the text 

Breccias 

The word hieata is of Italian origin and is used to desciibc 
aggregates of angular fiagments cemented togethei into a coheient 
mass The bieccias cannot all be piopeily consideied sedimentary, 
foi some have already been desciibed as igneous rocks Many 
resemble conglomerates, but, unless formed of fiagments of some 
soluble rock, whose edges have become 1 ounded by solution, there 
IS no difficulty in distinguishing them. Breccias may have angular 
fragments of the same matciials as intcistitial filling, or they may 
have different ones We may distinguish Friclton breccias (Fault 
breccias), Talu't brenias, and for the sake of completeness, may 
also mention here Eruptive breaiai (page 34) The methods of 
distinction of several breccias are noted on page 195. 
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FrtcHon breccias are formed during earth-movements by the 
rubbing of the walls of a fault on each other, and by the consequent 
crushing of the rock. The crushed material of finest grade fills 
in the interstices between the coarser angular fragments, and all the 
aggregate is soon cemented together by circulating mineral waters 
Such breccias occur in all kinds of rocks and supply many ores, 
which are introduced into the interstices by infiltrating solutions 
Quartz and calcite are the commonest cements (Fig 57) Brec- 
cias resulting from crushing a rock in place are spoken of as auto- 
clastic or cataclastic. 

Talus breccia consists 
of the angular debris that 
falls at the foot of a cliff 
and becomes cemented by 
circulating waters, chiefly 
those charged with lime 
We often speak of breccias 
as “brecciated limestone,” 

“brecciated gneiss,” or some 
other rock, thus making 
prominent the character of 
the original When the 
fragments and the cement 
are contrasted in color, 
very beautiful ornamental 
stones result, which may 
be susceptible of a high 
polish Uncemented angular grains are called blocks, chips, flakes, 
or slabs, rather than boulders or pebbles Residual clays at places 
contain enough angular chert fragments to constitute breccias 
These probably developed angular fragments by slumping, but 
differ notably from talus 

Norton ® has given a discussion of breccias from different points of view. 
As to movement of fragments he suggests crackle breccia, fragments little 
displaced, momc breccia, largely but not wholly replaced, and rubble breccia, 

® W H Norton* A Classification of Breccias Journal of Geology, vol- 
ume 25, page 160, 1917. 



Fig 57 — Friction breccia of rhyolite porphyry 
fragments and quartz and chalcedony ce- 
ment North shore of Lake Superior 
About one-half natural size 


160 


'I'llh SKDIMI'NTARV ROCKS 


ictaininp; no initial planes of luptiiie As to oiiKin theie aie (a) subaerial, 
(b) subaqueous, and (t ) endolithic bietuas 'I he eiulolitlui. gioup incliule the 
fault bieccias, fold bieiiias, and tlu* collapse of the roofs of c.iveins A mo- 
ment’s considei ation will convince the student that bieccuis, cveept as formed 
by volcanic ciuptions, .iie of vtiy limited occuikiuc 

Gravels and Conglomerates 

Loose aggicgatcs of lounded and watcM-worn pebbles and 
boulders are called gravels, and when they become cemented into 
coherent locks they form (Kig ^S). Sand almost 

always occupies the interstices Silica, calcite, and limonitc arc 
the commonest cements. The component pebbles, cobbles oi boul- 
ders, as tabulated on page 152, aic of all soi ts ol lock depending 
on the ledges that have supplied them, haul locks oi com sc pie- 
dominating. Rounded fiagmcnts of vein quait/ aie especially 
abundant A scries of adjectives may be picfixed to show the 



Fig 58 — Conglomti ate About one-half natural si/e Courtesy of 
the McOraw-Ihll Book Company 
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nature of the fragments and the nature of the cement (see page 

i66) 

Conglomerates are almost entirely aqueous. Gravels and con- 
glomerates, if of limited extent, indicate the former presence of 
swift streams, if of wide area, they suggest the former existence 
of sea beaches and the advance of the sea over the land It is 
possible that conglomerates of great thickness, say more than lOO 
feet, are rarely accumulated except by streams — they are domi- 
nantly terrestrial rather than marine, but the criterion needs fur- 
ther study because some marine conglomerates are thick ^ 

The component pebbles of a conglomerate are of course older 
than the conglomerate itself, and if igneous, they prove that the 
intrusion is older than the conglomerate Fossiliferous boulders 
prove that the conglomerate is younger than the strata which sup- 
plied the boulders. Under favoiable circumstances gravels may 
be cemented to conglomerates in a comparatively few years 

A number of special varieties of conglomerates have been 
named Gravels and conglomerates giaduate by imperceptible 
stages into pebbly iands and sandstones, and these into typical 
sands and sandstones. Notably unsorted aggregates of relatively 
laige and more oi less angulai boulders in fine sands or clay sug- 
gest glacial ttll, if solidified they yield ttUitei, distinguished from 
other bouldery clays chiefly by an occasional striated pebble. Peb- 
bly beds in the midst of limestones, and other soluble rocks, espe- 
cially where the rocks above and below the pebbly bed are much 
alike, are tnliaformational cottglomei ate^ (Fig. 59) Pebbles 
of such beds aie usually flat and rather irregular as if from 
coirosion “Flat-pebble conglomerates” are not all from corro- 
sion, howevei, for many beach pebbles are disc-shaped They 
make up a gravel called ihingle “Edgewise” conglomerates have 
disc-shaped pebbles with their planes transverse to the bedding, 
probably oriented largely by running water A fanglomerate is 
a pebbly or bouldery deposit in an alluvial fan Hard-pan is a 
term commonly applied to placer gravel cemented by limonite ** 

W H Twenhofel Marine Unconformities, Marine Conglomeratef and 
Thicknesses of Stiata Bull American Association of Petroleum Geologists, 
volume 20, pages 677—703, 1936 

*Also used for wet clays that are tough and hard to excavate 
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Under dynamic stresses., especially undei high pressure and 
shearing, the pebbles of a conglomeiate aic commonly flattened 
into lenses. If the pebbles aie feldspathic as is the case in those 
from granite ledges, and if the interstitial filling is aluminous and 
not purely quart/.ose, conglomerates may be gianulated and re- 
ciystalli/ed into augen-gneisses with their chaiactenstic “augen" 
or “eyes” of feldspar and quaitz, which but faintly suggest their 
oiiginal character lixcessive mctamoiphism may lecrystalh/e 
conglomerates into rocks, simulating granite, foiming thus the so- 
called “recomposed granite” of the Lake Superior region 



Fi( 59 — Intraformational (fldt-pel>blt*) conglomiiate in fciruKi»<>vi'< chiit of Mesabi 
Range, Minnesota About one-half natuial si/c Couittsy of the McCiiaw-lIill 
Hook Company 

Giavels are too familiar to requiie fuithei leference Con- 
glomerates arc met in all extended sedimentary set les Oui gi eat- 
est one lies at the base of the productive Coal Measures of Penn- 
sylvania and adjacent States It is properly called the “Great 
Conglomerate ” Remaikable conglomerates of pie-Cambrian age 
aie valuable guides to the structuie and history thioughout the 
Canadian Shield and its extension into the Lake Superior Region 
and New England In Central Massachusetts there is an augen- 
gneiss derived from a Cambrian conglomerate. It has been quar- 
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Tied at Munson and widely used as a building stone under the 
name of granite. 


Sands and Sandstones and Silts 

Mtneralogtc Composttion, Vartettes. — The mechanical sedi- 
ments whose predominant particles are finer than gravel and 
coarser than clay are grouped here, as sand and silt if loose and 
uncemented, and as sandstone and stltstone if cemented, and as 
quartzite if well cemented with silica. Some old sandstones still 
poorly cemented are friable sandstones. "Quick sands” are un- 
cemented sands well lubricated by water. The textures range 
from coarse sand to silt as shown in the table on page 152, and 
there are gradations on one side through pebbly sandstones to con- 
glomerates, and on the other through shaly sandstones to shales. 
A very coarse sand, especially one with angular grains, is called 
grit Various structural features may be added as qualifiers to 
the names — ^bedded, cross-bedded (Fig 60), concretionary, rip- 
ple-marked, etc For medium and fine sands the shapes can 
hardly be seen without a lens. It is common to find mixed sands, 
with the coarse grains more rounded than the fine grains. No 
term indicates the shapes of gram in sandstones, but a phrase is 
commonly added to describe them It is not to be expected that 
single names can ever replace the descriptive terms prefixed to 
the standard names indicating textures and minerals 

Sandstones generally have well-marked bedding, some in very 
thick beds and otheis thin A somewhat shaly sandstone with 
thin beds is called "flagstone " A mixture of nearly equal amounts 
of sand, silt, and clay is called loam. 

Wind blown sands are not usually very coarse The finer silts 
blown by the wind afford a surface deposit called "loess” which 
may lack all stratification, and which commonly stands in vertical 
walls where partly eroded More or less water-transported ma- 
terial and surface vegetation may be intermingled making the term 
a difficult one to define sharply The mixed character makes its 
origin a puzzle at many places Much of it is “rock flour,” which 
is a silt derived from rock minerals without much decomposition, 
and contrasted with “rock rot,” the result of decomposition to 
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ri(« 6o — Cross-I)cd(!cd sniulstoiK iindti a basalt Ia\ a flow, (ii ind Poilai;( , M nine sot i 
Couitcsy of the MeCjriaw-ilill Book ( oiiipan> 

abundant clay mincials Loess is bull to blown ami is always 
loosc-tcxtuicd but feels haish compaied with clay, when lubbed 
between the fingeis It is impoitant in its lelations to ajji iculture. 

Quait/, IS much the commonest mineial of the giains of sand 
as It IS the most icsistant of the common i ock-makinfj; mineials 
In river sands the grams may be nngulai, but aftei long and re- 
peated ti ansportation, they become rounded Caniuei is a faiily 
puic quart/itic sandstone used as a lefiactoiy material Fcld- 
spaihu sands arc perhaps second in abundance after quait/i sands, 
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and sands with notable feldspar® are called arkose, formed where 
mechanical disintegration of granite and gneiss is more rapid than 
chemical attack. This occurs mostly where the climate is rigorous, 
either and or very cold A similar attack on basic igneous rock or 
slate produces graywacke, with enough gray and black grains to 
make the rock look gray “Blacksand" technically indicates that 
magnetite-ilmenite grains aie abundant. "Greensand" indicates 
glauconite or other green ferruginous silicates, commonly formed 
on the sea floor, about where sands grade into muds Other re- 
sistant minerals such as garnet, zircon, tourmaline, and apatite 
are widely distributed in small amounts and may locally be con- 
centrated Many others are known by microscopic study of heavy 
mineral separates but are rarely abundant enough to afford variety 
names. Tuffs of igneous origin may grade through tufaceous 
sands to ordinary sands Earthy mixtures of sand, with clay, limy 
mateiial, glauconite and other materials, are called marl. The 
term is somewhat loosely used, but the greensand marls of the 
Atlantic coastal plain are valuable as fertilizers 

The cements of sandstones are ultceous, calcareous, argillace- 
ous, feringinoHS, and less commonly a variety of others Sand- 
stones with silica cement, either opal, chalcedony, or quartz, are 
veiy duiable stone. If the cement is quartz, the rocks grade into 
(juatztles, winch are commonly considered metamorphic rocks, 
though tlieie is a great ditfeience between sand cemented by quartz 
and a thoroughly recrystalh/ed quartzite It has been very defi- 
nitely shown that many quartzites are deiived from sands, and 
there is an increasing tendency in recent woik to list them as parts 
of a sedimentary series The feriuginous cements give blown, 
yellozv, green, and led sandstones The chaiacteristic ‘‘red beds" 
of the Permian and Tiiassic are red shaly sandstones and sandy 
shales Commonly red beds have scattered, nearly spherical spots, 
bleached greenish white, probably by reduction of the iron oxide 
or possibly as a result of some vanadium or other local material 
The calcareous and aigillaceous sands grade into limestones and 

® The recognition of light-colored sand minerals is not easy without optical 
work with a microscope, but some staining methods may help See R D Rus- 
sell, Fiequemy Percentage Determination . . , Journal of Sedimentary Pe- 

trology, volume 5, page 109, 1935 
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clays respectively. Exceptionally coarse calcite cement may as- 
sume crystal forms, with enclosed sand, and later weather out as 
“sand calates.” Some other cements behave similarly. Sand- 
stones formed of calcareous fragments are known but are de- 
scribed under limestone Flexible sandstone {tlaiohimite) is a 
friable sandstone, said to have a micaceous cement Case-hard- 
ened sandstones are blocks with a surficial cement or desert varnish 
formed by evaporating solutions Concietionary deposits may 
replace or cement the sandstones locally (see page 189) The 
porosity of sandstones is largely influenced by the amount of cement 
between the grains Good reservoir rocks foi petroleum or for 
artesian water have 15 to 30 per cent of space in laige connected 
pores (see page 191). 

Terms indicating origin give very little indication of the char- 
acter of sands Aqueous, eolian and glacial sands may be much 
alike, whereas those in one group may show great variety , marine 
and terrestrial sands are distinguished with difficulty Teims 
showing the age are also of little value in lock classification 

To distinguish the prefixes that show the nature of clastic frag- 
ments from the prefixes that show the cement, two schemes have 
been proposed, but it cannot be said that either is widely adopted 
In fact they conflict with each other, because one uses the ordinary 
adjectives to show cement, the other to show the fragments 

Grout recommends the adjectival form for cement, and the rock or min- 
eral name as a prefix for the nature of the fragment, thus, calcareous quarU 
sandstones, and ferruginous granite conglomerate Wentworth (Alien) 

recommends a new form of adjective " mate” for cement, and uses rock 

name, mineral name, or adjectival terms indiscriminately for composition of 
fragments, thus, calcannate quartz sandstone, silicinate granite conglomerate, 
and ferruginate siliceous sandstone 

Metamorphum . — The purer sandstones in meta'morphism 
yield quartzites which are denser and harder than their originals 
because, by deposition of the cementing quartz, the fragmental 

Allen credits Wentworth with the suggestion as to compound nomen- 
clature on page 40 of a report of the Committee on Sedimentation, National 
Research Council for 1935-6, Exhibit B on the Terminology of Medium- 
grained Sediments, 1936 
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gi ains are very firmly bound together. Less pure sandstones yield 
quartz-schists by the development of mica scales. 

Distnhution —Sandstones are so common in all extended geo- 
logical sections as to deserve slight special mention. Next to 
limestones they are the most widely used of sedimentary rocks 
as building stone. The Potsdam sandstone of Cambrian age in 
New York and on the south shore of Lake Superior is extensively 
quarried Other prominent sandstones are the Medina of New 
York, the Berea grit of Ohio, and the red and brown Tnassic 
sandstones of the Atlantic seaboard and the Rodcy Mountains 

The windblown loess is common in the Mississippi and Mis- 
souri Valleys, and in Europe. In China it contributes the yellow 
sediment from which the names of Yellow River and Yellow Sea 
are derived 

III Limestones 

Limestone is a sedimentary rock composed principally of cal- 
cium carbonate, or of that with dolomite, the calcium-magnesium 
carbonate 

Origin. — Much the greater number of important limestones 
are of organic origin and the organisms are mostly marine forms, 
but theie aie several well-known fresh water formations. The 
principal sources of the materials of limestone are the calcareous 
remains of algae, foraminifera, corals and molluscs These and 
other organisms secrete from the sea or from lakes, the calcite or 
aragonite of oiiginal deposits, as shells or skeletons The algae 
may cause precipitation by using up the COj which holds the 
carbonate in solution 

A study of the present distribution of such organisms, and of 
the nature of our most extensive limestone formations, indicates 
that such organisms piobably grow along low flat shores where no 
great amount of mud is washed into the sea The original shells 
are worked over by waves and currents and become thoroughly 
comminuted to calcareous sands and slimes before final deposition. 
The solubility of the carbonate facilitates its recrystallization and 
works with the mechanical processes to efface most of the organic 
structures Nevertheless, organisms of the same species continue 
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to grow while the earlier shells are being broken and recrystallized, 
and the result is that waves and stoims scattei some shells in local 
beds and concentrations m a matrix of much finer giain After 
cementation the rock is a fossihferous limestone, and is commonly- 
given a variety name based on the fossils still visible, even wheie 
only a small per cent of the rock is in recognizable forms 

Shell sands accumulate on or near the immediate shore, and 
may even be heaped up by the wind. They show all the ordinal y 
structures of sands, such as bedding and ci oss-bedding The finer 
slimes are carried farther into quiet water, to form calcareous ooze. 

As a different explanation of the fine matrix aiound shells it 
might be suggested that innumerable microscopic oiganisms grew 
at the same time and in the same general location as the larger 
shells. Such microscopic fossils make up almost the whole of the 
“chalk” formations It is hardly likely that they form the matrix 
of a common limestone, however, because traces of their foims 
can be seen in the chalks and should be visible in the limestones if 
they were originally present. It is also possible but not very 
probable that some of the fine parts of limestones aie chemical 
precipitates in the sea where shells grew. 

Although this outline of origin from shell beds along a i da- 
tively flat shore is believed to apply to most limestones, certain 
modifications are well known If, by reason of a piotected shoie 
line, the shells are not broken so vigorously, the limestone will 
be a mass of unbroken shells , but shell-limestones without a mati ix 
of sandy grains or calcareous slimes are neither thick noi abundant 
in the geologic column. Again if the oiganisms grow m colonies 
on a muddy bottom, or in reefs along a shore line, the geologic 
relations are modified Figure 6i shows a coial reef which grew 
persistently” While such a reef glows, the waves bieak up 

^“■At Funafuti, a coral island which was explored by dnllinK, and prob- 
ably at most “coral reefs,” most of the material is secreted by oifianisms otlicr 
than corals In order of reef-budding importance, there art 

1 Lithothamnium (algae, commonly tailed “nulliports”) 

2 Halimeda (algae) 

3 Foraminifera 

4 Corals 

See reference to M A Howe, page 170 
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Fig 6 i — Cioss section of ancient coral reef at Alpena, Michigan, showing coral m 
fan-shaped pattein, with fragments grading into slimes at a distance (Modified 
from A W Grabau, Am Kept Mich State Geologist, 1901, page 176 ) 



FiCf 62 — Shell limestone 01 coquina fiom Florida 


fragments to sands which are scattered on the flanks of the reef 
The gentle slopes are favorable to the growth of vauous mollusca 
whose hard parts contribute additional material to the gi owing 
limestones^-* The finer material is transposed to a greater dis- 
tance and gradually settles out as slimes which afford dense, thin- 
bedded limestones. The conditions of deposition of slimes are 

R R Shrock Wticonttn Silurian Biohetnis {Organic Reefs). Bull 
Geological Society of America, volume 50, pages 529-562, 1929 About 18 
bioherms are known in a limestone area 200 miles long and 25 miles wide 
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not favorable for organic life, and commonly the resulting lime- 
stones have few fossils except in the vicinity of the old reef. 

The agency of microscopic algae in depositing calcium car- 
bonate, especially in hot and cold springs, has long been recognized 
The extensive deposits of travertine in Yellowstone National Park 
are precipitated when algae (or their chlorophyll) use up the 
carbon dioxide of the water and reduce the amount of calcium that 
can be held in solution 

It is also known that calcium carbonate may be chemically 
precipitated in parts of the sea by evaporation and loss of carbon 
dioxide. The atmosphere has about 3 parts of COj in 10,000, 
and this largely determines the amount of COj in bodies of water 
standing in equilibrium with the air The amount of CO^ in the 
water, m turn, determines the amount of CaCO, that will be 
dissolved at any particular temperature. Hence as the CO^ in 
the air changes, the solubility changes. At 16° C , if the COj 
content of the air was increased to 4 parts in 1 0,000, water might 
dissolve 69 parts of CaCO, per million, if reduced to 2 parts in 
10,000, only 55 parts CaCOj “ 

Limestones pass by insensible gradations through more and 
more impure varieties into calcareous shales, but, as a rule, they 
are deposited in deeper water than the shales and sandstones 
This conception must not be applied too strictly, because, beyond 
question, a depth of a few feet may suffice, and too much emphasis 
has been placed upon the depth regarded as necessary for lime- 
stones 

Miner alogtc Composition, Varieties — These various methods 
of formation result in limestones with textuial varieties very dif- 
ferent from those of mechanical sediments The calcareous de- 
posits of organic origin range from very coaise to microscopically 
fine as originally deposited These are described as organic lime- 
stones, coarse, medium, or pne The particular oigamsm may be 

M A Howe The Geologic Importance of the Ltme-Secrettng Algae 
U S Geological Survey, Professional Paper 170 E, 1932 

** J Johnston and E D Williamson The Role of Inorganic Agencies in 
the Deposition of Calcium Carbonate. Journal of Geology, volume 24, page 
732, 1916. 
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used in naming, as in crinotdal, coralline, fustltna, or bryozoan 
limestone A common shell limestone is known as coquina (Fig 
62). An aggregate of very fine shells, globigerina and others, 
IS chalk, with a good deal of porosity and absorbed water A 
lake deposit of fine shells and algal (chara) precipitates, especially 
if mixed with clay and of earthy character, is marl The coarser 
remains may be transported as indicated in Fig. 61, breaking 


Fig 63 — Fossihferous limestone, Minnesota 

up into limy sands which consolidate to sandy te\tuied limestone, 
and eventually to fine-grained limestone, or, if especially fine and 
uniform, “hthographtc stone*’ The limestones with fine gram 
and only scatteied shells are best called fossihfeious limestones 
(Fig 63) Those in which the matrix has recrystallized to 
coarse calcite without much deformation are called crystalline lime- 
stones Some of them are quarried commercially as marble, 
though they contain undeformed fossils and are really not much 
metamorphosed. There is a strong tendency to record as sedi- 
mentary rocks on geological maps all the marbles that are defi- 
nitely known to have originated as limestones During diagenetic 
recrystallization there may be solution along bedding planes and 
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channels, with a concentration of the insoluble clays and iron oxides 
of the rock. If these channels are latei closed by the load of 
overlying rock, the layers marked by the irregular amounts of 
dark insoluble earth may be very much distorted and even suggest 
intense crumpling The structuies are known as stylolites (Fig 
65). 



Fir 64 — Tiaveitme, Minneapolis, Minnesota 


Another senes of textural varieties of limestones result fiom 
chemical deposition Oolitic, pisohlu, and loniwlioncny Itnu^- 
stones have concentric layers in fine, medium and coaise aggie- 
gates, respectively The precipitates from wateis on moss foim 
travertine (Fig 64), on a flat surface form the layeied Mexican 
onyx, and on dripping surfaces in a cave foim stalactites and 
stalagmites Ground-waters bearing calcium carbonate may evap- 
orate at the surface in semi-arid regions leaving a limestone 
crust known as calcareous caliche (see page 184), moie 01 less 
contaminated with soil This has also been called "calcrete" from 

Calcateous tufa and calcareous sinter are synonyms 
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its lesemblance to concrete Since it is a surface formation and 
resembles limestones of different origin, it has been a source of 
confusion in stratigraphy ** 

Calcite IS the chief mineral of limestone though it may be so 
fine-grained that it does not show the rhombic forms of charac- 
teristic cleavage pieces. Some shells are aragonite, but the dis- 
tinction of aragonite from calcite is not usually attempted in rodk 
study Dolomite and sidente accompany or replace calcite in 



many limestones, so many in fact that dolomite limestone is the 
chiet minei alogic variety after the common calcite limestone 
Theie is little isomoiphous mixture of iron or magnesium with 
calcium of calcite, but dolomite and calcite grains occur togethei, 
or in local concentrations The dolomite is commonly slightly 
feiruginous and weathers darker than the calcite Limestones 
with 5—15 per cent MgO aie called magnesian limestones, and 
those near 20 per cent, dolomite limestones. The sources of 
magnesia in dolomites aie tbte subjects of several speculations, 
but it IS significant that some coral islands in warm seas show a 
high per cent of MgCO, at a depth of a few hundred feet, and 
that limestones older than Carboniferous have a much higher 

W A Puce Reynosa Problem of South Texas, and Origin of Caliche 
Bull A A P G, volume 17, page 518, 1933 






174 


THE SEDIMENTARY ROCKS 


average content of magnesia than younger limestones. It is thus 
evident that some dolomites result from a reaction of calcite with 
magnesian solutions (page 271). The shells of organisms com- 
monly have only a little magnesia as secreted, but Clarke has shown 
that some have 3 to 7 per cent of MgO, so that a selective leach- 
ing of calcite might leave dolomite Such a residual dolomite 
might be even more porous than one formed by replacement 

The other common sediments are likely to be mixed with lime- 
stones Argillaceous or shaly limestones are especially common, 
several being so valuable as cement material that they are called 
hydraulic limestone or “cement rock ” Sandy or arenaceous lime- 
stones are well known, but less common Carbonai eous limestones 
are likely to be black and some are used for their asphalt or bitu- 
men content Phosphatic shells mixed in with carbonate shells 
produce phosphatic limestones, but they are distinguished only by 
testing 

The highly ferruginous limestones grade into “clay ironstone" 
and “black band iron ores " The Clinton type of iron ore has 
calcite largely replaced by hematite Cherty limestone is very 
common and the cherts are laigely m nodules or concretions 
Other noteworthy mineral varieties have glauconite or pyrite 
Several of these varieties are classed as diagenetic because the 
minerals form soon after deposition A diagenetic textural effect 
gives intraformational conglomerates, which are limestone con- 
glomerates. 

Variety terms indicating age or conditions of deposition of 
limestones are of little value in rock study 

Metamorphism — Limestones under defoiming sti esses, piob- 
ably accompanied by elevation of temperature, are affected by 
metamorphism with exceptional readiness In the presence of 
water, or along the contacts with intruded dikes and sheets of 
Igneous rocks, they lose their sedimentary characteristics, such as 
bedding-planes and fossils, and change into crystalline marbles 
The contained bituminous matter becomes graphite, the alumina 
and silica unite with the lime, magnesia and iron to give various 
silicates Other oxides together with the bituminous ingredients 
contribute to the various colorations. Mechanical effects are mam- 
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fested in flow lines, brecciation and other familiar features of 
many that are cut and polished for ornamental stones. Impure 
limestones which undergo these metamorphic changes are the most 
prolific of all rocks in variety and beauty of minerals. Arendal, 
Norway, and the crystalline limestone belt from Sparta, N. J , north 
through Franklin Furnace are good illustrations. The crystalline 
limestones will be again mentioned under the metamorphic rocks 

DtstrtbuUon. — Limestones are too common to deserve much 
special mention as regards occurrence, but the Trenton limestone 
of the Ordovician, the Niagara of the Silurian and the Subcarbonif- 
erous limestones are worthy of note Oolites are growing In Salt 
Lake, and travertine is forming in Yellowstone Park. Chalks form 
prominent cliffs in western Europe, and are known in several 
southern states of America 

IV. Remains of Organisms not Limestones 

Calcareous remains are much the most important of the con- 
tributions made by organisms to rocks, but there are others, re- 
spectively siliceous, ferruginous and carbonaceous, which deserve 
mention The sulphur deposits (page 183) may result largely 
from bacterial action on sedimentary sulphates. 

Siliceous Organic Rocks 

The principal members of this group are siliceous earths, sili- 
ceous sinters, and cherts and flints In the group of siliceous 
earths, diatomite consists of the abandoned frustules of diatoms, 
which are microscopic organisms belonging to the vegetable king- 
dom, other earths consist of the hard parts of radiolaria, which 
are microscopic animals Kieselgtihr is a common term for any 
of these eaiths Though not common rocks, they are met in series 
of sedimentary strata, both freshwater and marine, with sufficient 
frequency to justify their mention They are usually distinguished 
by their high porosity which makes a hand specimen remarkably 
light They lack plasticity and feel harsh between the fingers when 
compared with common clay Both kinds of organisms float in 
the large bodies of water and may live far from shore where little 
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mechanical sediment is deposited At such places the siliceous 
earths may be nearly pure, but nearer the shores they are mixed 
with other earthy minerals The mineralogy of the siliceous earths 
can be stated less definitely than the chemical composition The 
individual diatoms are very minute, but the analyses indicate both 
opaline and chalcedonic silica. 

The Siliceous sinters are extracted from hot springs by algae 
which, as shown by W H Weed, are capable of living and secreting 
silica in waters up to 185° F. They are far less important geo- 
logically than the siliceous earths In the sinteis and cherts, when 
the latter can be shown to be organic, opal and chalcedony are 
associated with various amounts of calcite Siliceous sinters are 
often called gey sente. They aie cellular crusts and fancifully 
shaped masses which closely resemble calcareous tufas, but which 
are readily distinguished by their lack of effervescence. 

Chert IS a rock consisting of fine grained silica minerals, quaitz, 
chalcedony or opal, or mixtures of these It is common in lime- 
stones, either as entire beds, or as isolated, included masses. It 
may have diuses with quaitz ciystals, and may contain microscopic 
fossils Cherts not provided with these organic remains may be 
regarded with great reason as chemical precipitates, and as many 
American varieties lack them, the cherts receive moie extended 
mention under the chemical precipitates (page 184) Chert is 
dense, hard and homogeneous, and of white, gray or yellowish 
color. It readily strikes file with steel, and when it breaks has a 
splintery or conchoidal fiacture On weathering it decomposes to 
powdery silica called “tripoli,” used for various practical pui poses. 

Siliceous eaiths are abundant neai Richmond, Va , and on 
Chesapeake Bay, at Dunkiik, and Pope’s Mills, Md Beds de- 
posited in evanescent ponds or lakes aie also well known in states 
farther north In the West, the Teitiary stiata have them in 
thick beds in Nevada In California and Oregon theie are gieat 
beds of diatomaceous eaith, up to 5,000 feet thick They have 
probably contained organic material when first deposited and may 
have contiibuted petroleum to some associated beds There is 
considerable production of such earths for polishing powder and 
insulation, not only in this country, but in Mexico and Germany 
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Siliceous sinters produced by algae are extensive in Yellowstone 
Park, and similar deposits, perhaps caused by the same agent, are 
found in many regions of hot springs. The most important occur- 
rences of chert are all mentioned together on page i86 

Ferrugmous Orgamc Rocks 

Bo^ iron orei are commonly attributed largely to secretion by 
bacteria, algae and fungi ” The great cherty iron-bearing forma- 
tions of the Lake Superior region have traces of organic structures, 
but these are so rare that it is probable that organic precipitation 
was not the most important factor in the deposition of iron In 
black band iron ores, the iron carbonate is associated with organic 
matter, which probably keeps it from changing to iron oxide, but 
it IS not certain that living organisms caused the precipitation of 
the carbonate 


Organic Phosphate Rocks 

Commercial phosphate rock (phosphorite) so resembles lime- 
stone that much of it cannot be recognized except by a chemical 
test — strong nitric acid and a little white ammonium molybdate 
produce on the phosphate rock an intense canary yellow. The re- 
mains of various organisms have some phosphate, but most good 
phosphate lock has had the phosphate concentrated by some process 
after the giowth of the hard parts of organisms 

PliRCLMTAOl' 01 Ca,(PO,)j IN RrM«NS OF VARIOUS OrG'CNISMS 

(Aftei Clarke) 


Lingulas 91 74 

Discinisca ys 17 

Alcyonarian 8 57 

Crabs about 1 5 00 

Shrimps about 3000 


E C Harder h on Depositing Bacteria and then Gtologic Relations 
U S Geological Survey, Professional Paper 113 (1919) A similar group of 
organisms precipitate manganese oxides, G A Thiel Pteiipitation of Jllan- 
ganese from Meteoric Solution American Journal of Science, volume 7, 
pages 457-472 (1924) 
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Chemical leaching and enrichment may separate the carbonate, usu- 
ally associated with phosphate in shells, leaving a rich phosphate 
ro^. Commonly the shell fragments thus altered are peculiarly 
blackened so that some phosphate rock is recognized by its gray 
color and black granules, but these colors are not strictly diagnostic 
— the phosphates have many colors 

The bones of vertebrates, and the guano deposits from birds 
on oceanic islands, are rich in phosphate as deposited 

Commercial production comes from southeastern states from 
Tennessee to Florida, but there are large deposits in northwestern 
states, and much is produced in northern Africa, Russia and 
Oceania. 


Carbonaceous Organic Rocks 

When plant tissue accumulates under a protecting layer of 
water which prevents too rapid oxidation, new accessions may more 
than compensate for loss by decay so that extensive deposits result 
There is such a perfect gradation from plant tissues to coal that 
It IS generally agreed that coal is of vegetable origin Chemical 
and physical changes produce a series of products, peat, lignite, 
sub-bituminous coal, bituminous coal, semi-bituminous coal, semi- 
anthracite, anthracite, and graphite (Fig 66) The chemical dif- 
ferences in the organic materials are shown by Clarke (U S G S 
Bulletin 770, p 773) 



A Anthracite Coal O Semi Cannel V Wood 

■ Semi bituminous ® Cannel / Peat Turf etc 

e Bituminous (D Oil Rock (Wisconsin) + Lisnita 


Fig 66 — The coal senes 
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Average Composition or Certain Fuels 



c 

H 

N 

0 

Wood 

4965 

633 

9a 

43 

Peat 

55 44 

638 

I 72 

36 56 

Lignite 

7 * 95 

5 H 


20 50 

Bituminous coal 

8434 

5 55 

152 

869 

Anthracite 

9350 

381 

97 

2 72 


Peat IS formed by the growth and partial decay of grasses, 
moss, and other plants in moist places. Most of it is brown, shows 
shreds of plant tissue, and is very porous, with the pores well filled 
with water until artificially dried. Similar material, more altered, 
after burial under other sediments is hgmte, a brown coal which 
burns with a long smoky flame. In the fire, or on weathering, it 
falls to pieces, or “slakes ” 



Fig 67 — Bituminous coal, Colorado Bright and dull layers Woody structure con- 
spicuous in bright layers About one-half natural size Courtesy of the Mc- 
Graw-Hill Book Company 

When alteration has gone far enough to turn the material 
black, it is coal. The coal of lowest rank, suh-bttuminous, re- 
sembles lignite in slaking in the fire or on exposure to weather (Fig 
69). Most bituminous coal, soft coal, is denser and shows less of 
the vegetable tissue (but see Fig 67), and burns with a long flame 
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and much smoke Some bituminous coals melt in a hot fire and 
form coke. Cannel coal, made up largely of microscopic spores, 
is a non-cokmg bituminous coal of dull luster, and massive structure 
It burns with an especially long flame Antlnactle, hard coal, may 
still show bright and dull bands lepresenting masses of vegetation, 
flattened by pressure. It burns, if heated, with a shoit blue flame 
Graphite occurs at places in such association with metamoiphic 
rocks that it seems to have resulted from metamorphism of coal 
Coals are classified as to “rank,” in this series, anthracite being 
the coal of highest rank “ The “grade” refers to the impurities, 
high ash and moisture making a coal of low grade 

The student should recognize peat and lignite and cannel by 
their appearance, bituminous coal is distinguished from anthracite 
by Its behavior in the fire, so that even field geologists can estimate 
the value of newly discovered coal beds Tests show that the 



Fig 68 —Mineral charcoal or “mother of coal,” Colorado Usually very thin 
layers in bituminous coal 

“ The rank of coal serves as a guide to the prospects for petroleum, because 
none is found with coals highly metamorphosed David White Metamot- 
phtsrn of Organic Sediments and Deiwed Oils Bull A. A. P. G , volume lO, 
pages 592-609, 193s 
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coals increase in hardness and specific gravity as the rank increases, 
but the differences are so slight as to elude the beginner. 

More accurate tests in a crucible give what is called a proximate analysis, 
determining i Moisture, 2 Volatile matter, 3 Fixed carbon, and 4 Ash 
There is progressively more fixed carbon and less volatile matter in proportion 
as the rank increases from peat to graphite Fixed carbon increases from 
around 30 % to over 99 % of the ash-free dry coal The methods of driving 
out moisture and volatile matter are standardized and unless the standard is 
strictly followed erratic results will be obtained 

Other recognizable 
varieties of coal are the 
thin layers of mineral 
chaicoal or mother-of- 
coal, looking like wood 
chaicoal (Fig 68), and 
bone~coal, the lean sandy 
or shaly partings in some 
coal beds, which contain 
too much ash to be good 
fuel 

Oil shales from which 
shale oil is distilled, es- 
pecially in Scotland, seem 
to contain organic ma- 
terials intermediate be- 
tween coal and petro- 
leum, but probably closer 
to coal, because little oil 
can be extracted except 
by destructive distilla- 
tion Some oil shales, 
with their fine gram, con- 
choidal fracture, and a little more hardness than common shales, 
might be confused with flints, but are really much softer than flint 

U S Bureau of Mines Technical Papers 8 (revised) and 76, and 
Bull 22 



Fig 69 — Lignite, Texas After exposure to air, 
It checks (net work of irregular cracks) and 
slakes badly Courtesy of the McGraw-Hill 
Book Company 
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Otl, asphalt, and waxes in various natural occurrences are 
hardly abundant enough to be rocks, and need no more than passing 
mention They occur as minor constituents in other rocks and 
locally in commercial masses 

Peat favors cool and moist latitudes in all parts of the world, 
and is chiefly of fresh water origin Lignites are best developed 
in the Cretaceous strata of Texas, the Dakotas, and western states 
They are used, as in Germany, where bituminous coal is not cheap 
Bituminous coal is the chief world coal at present, and large quan- 
tities are mined in several continents In the United States, the 
eastern and interior fields are highly productive Anthracite which 
IS cleaner for use in house heating is produced chiefly in Wales and 
in eastern Pennsylvania, but in small amounts at many other places 
Oil shales are abundant in Colorado and Kentucky, and probably 
could supply oil as well as those of Scotland, if there was not an 
abundant supply of petroleum. 

V Chemical Precipitates 

Bearing in mind that a rock should form a large mass in the 
earth, it is evident that the only natural solvent abundant enough 
to yield precipitated rocks is water The precipitated varieties of 
limestone have already been described, and otheis are her noted 

Salts — Evaporation of sea water, especially in lagoons fed 
by sea water in and regions, results in thick deposits of the sea 
salts. The sequence of deposits is outlined on page 142 The 
large bodies of rock are salt and gypsum The gypsum, having 



Fig 70 — Structural sketch in cross section of German salt-dome 
(After Stille and Seidl ) 
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precipitated before salt, may occur without salt, but salt is rarely 
deposited without the earliei sulphates In the presence of sodium 
chloride at any temperature above 25° C (above 42° C in water 
without salt) anhydrite forms rather than gypsum, but much of 
the anhydrite may later be altered to gypsum by groundwaters and 
by weathering 

Salt beds are recognized by their luster, softness, solubility, 
taste, and the fact that they rarely outcrop. Many are red or 
brown from iron oxides Gypsum rock forms white, gray, or black 
earthy beds which outcrop much as limestone does, but which are 
more likely to be deeply furrowed by running water A test of the 
hardness, especially by the characteristic lack of grit between the 
teeth, serves to distinguish it, even when acid is not available to 
show that It fails to effervesce Anhydrite rock is more like lime- 
stone, with a hardness of 3 to 3 5, but it fails to effervesce 

All three of these locks are easily deformed and in many oc- 
currences the bedding, maiked by differences in color, has been 
remarkably contorted by lock flow The beds of salt are locally 
thickened and thiust up into gieat “salt domes” (Fig 70), with 
a “cap lock” of anhydrite — probably not a normal sediment, but 
an accumulation of insoluble material left when some of the upper 
part of the salt dissolved Sulphur and the sulphate rocks, gyp- 
sum and anhydrite, are partly syngenetic, but some sulphur is be- 
lieved to lesult from an organic reduction of the sulphate, giving 
calcium carbonate as a by-product The association of these min- 
erals in a sedimentaiy senes aids m their identification Although 
the sulphur is a mineral of the lock, it is hardly in large enough 
masses to be classed as a rock of itself The sulphur produced in 
states along the Gulf of Mexico is disseminated in limestones that 
appear to be deiived from anhydrite in the cap-rocks of salt domes 
Some sulphui occurs in shales also 

•*" R E Taylor Origin of the Cap Rock of Louinana Salt Domes Loui- 
siana Geol Survey, Bull ii, 1938 

The salt domes were discussed in considerable detail at a meeting of the 
Amer Assoc Petroleum Geologists See their Bulletin, volume 9, 1925 > 
also volume 15, page 51 1, and volume 17, pages 1025-1083 

E S Bastin The Problem of the Natural Reduction of Sulphates 
Bull A A P G. volume 10, pages 1270-99, 1926 
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Salts deposited in lake beds, as distinct from those m arms of 
the sea, have much smaller volume, but include sodium carbonate 
so commonly that it distinguishes them from sea salts. Sodium 
sulphate, borax, and related borates, and the nitrates are common 
lake salts The nitrates that crystallized in the soil, from solution 
in ground waters, are called caluhe, and are produced in commer- 
cial quantities m Chile 

Large bodies of salt occur in New York, Michigan, southwest 
to the Gulf of Mexico and in other states, and there are several 
in north central Europe. The potash salts lesulting from extreme 
concentration of brines are famous at Stassfuit, Germany, and 
other foreign localities Since 1918 there has been a new develop- 
ment in Texas and New Mexico. 

Siliceous Preapitates — The visible siliceous piecipitates are 
stltceous sinter {gey sente) and some gelatinous silica masses in 
the bottom of the sea Some geyserite, having formed in water 
so hot that organic life is not expected, is attributed to chemical 
reaction By far the greater volumes of siliceous piecipitates are 
the cherts. 

Chert is fine-grained, dense, precipitated silica with conchoidal 
fracture. The term is used in hand specimen and field work, and 
IS not at all definite as to minerals, which may be opal, quartz, 01 
chalcedony, or mixtures Many cherts are contaminated with car- 
bonates, and many have fossil forms or oolites, indicating that 
the chert replaced a carbonate, but others show no relation to 
carbonate. 

Fhnts and jaspers are closely related to cherts, in fact so closely 
related that some men consider them varieties of the more general 
broad family of chert Flints are giay to black, and jaspers are 
red or dark brown. The more oidinary cherts ate light gray, 
white, yellow, or similar colors The term flint is almost uni- 
versally applied by anthropologists to the mateiial of siliceous 
implements made by early men, and by almost eveiyone to the 
siliceous rocks used in striking sparks for making fire Many of 
these are true flints by the definition here given, but there are some 
cherts and other rocks Cherts are more abundant than flints in 
the limestones and iron-bearing rocks of the United States, but 
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flints are not rare. Many flints are imported from the chalks of 
western Europe as abrasive materials for ball-mills. Jasper and 
other cherts are abundant in the iron-bearing rocks of the Lake 
Superior and other regions. They are products of precipitation in 
shallow water, alternating with iron carbonate or, on the Mesabi 
range, with an iron silicate The siliceous protores of many iron 
ranges are ferruginous cherts, but some are banded red jasper and 
black hematite called jaspihte, and others granular like the Mesabi 
range rocks called taconite (Figs 59 and 71). 



Fir, 71 — Joint systems in ferruginous cheit, taconite, Mesabi Range 


Locally some limestones containing sulphide ores have been 
silicified so thoroughly that they resemble cheit, and the red and 
brown vaiieties are called jaiperotd. 

Novaculite is a very uniform bedded cherty rock with con- 
choidal fracture, highly siliceous and translucent on thin edges 
It was deposited in the sea with other sediments, and was probably 
a precipitate,"*® but is now folded and somewhat altered 

H D Miser and A. H. Purdue. U. S. Geological Survey, Bull 808, 
pages 49-59. 1929- 
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As noted on page 176, cheits commonly weathci to soft pow- 
dery earthy masses of silica called trtpoli This may be a super- 
ficial layer on concietions or, in extreme cases, large beds completely 
changed Tripoli, or “soft silica,” is produced commercially as 
an abrasive, defined as poious microcrystalline siliceous sediment 
The weathering of cherty limestone leaves a led clay with chert 
fragments This is so chai acteristic that it may be 1 ecognized even 
in drill cuttings, locating a weatheied /.one in the sub-surface rocks 
— ^probably an unconformity The weathering of ferruginous 
cherts probably formed most of our iron 01 es By high-tem- 

peratme metamorphism cherty limestones foim lime-silicate min- 
erals, and feiruginous cherts become banded amphibole-quartz- 
magnetite rocks The common amphibole is a feiiuginous actino- 
lite, but locally a vaiiety of other feriomagnesian minerals result 
Aside from the occuirences of cherty iron-beaiing rocks in the 
pre-Cambrian rocks around Lake Superior, cherts are common in 
the Paleozoic limestones both east and west Fractuied cherts are 
the chief gangue of the zinc ores of southwest Missouri Novacu- 
lite IS best known in Aikansas, but similar beds occur in Tennessee 
and elsewhere Tripoli is pioduced in the same states and in 
Illinois, Oklahoma, and Missouri 

Ferrugmous Precipitates — In spite of the 01 game precipi- 
tates of iron minerals (page 177) many iion-beaiing formations 
show little sign that the non minerals were precipitated by living 
organisms The chemical reactions which foim some precipitates 
aie well understood, but some raie iron-beaiing minetals have 
never been made synthetically 

The Igneous, metamorphic and older sedimcntaiy rocks con- 
tribute lion to the giound wateis (page 131) and may even yield 
weathered ferruginous residues for mechanical sediments Oxida- 
tion and hydrolysis of the solutions tend to precipitate the non 
oxides from the solutions, but if there is any lack of oxygen 01 
excess water, the iron solution may be transpoited great distances 
The precipitation of iron carbonate from the bicarbonate solu- 
tion IS analogous to the chemical deposition of calcium caibonate 
It results from a loss of COj. Such deposits may form veins, con- 
cretions or beds. If the iron carbonate is mixed with clay and 
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organic matter, it forms black band oies and clay ironstone. Sev- 
eral pre-Cambrian iron-bearing districts have exposures of sidentic 
slate, or slaty iron carbonate Most of the protores of the Lake 
Superior region are cherty and many have iron minerals and chert 
in alternating thin layers These are the ferruginous chert and 
cherty iron carbonate In the Animikie ores the ferruginous chert 
appears to have been largely precipitated as greenalite — a hydrous 
iron silicate — instead of as siderite Similar green silicates are 
known in other districts In all these, there may be thin beds of 
original iron oxides, but the best ores result from a later enrich- 
ment, by a leaching of the silica. Certain beds of ore have concre- 
tionary or pisolitic textures (Fig 72) 

General Remarks on Sediments 
Mixed Rocks and Structures of Precipitates 

The main groups of sediments outlined above are not sharply 
separated but overlap and grade into each other m very complex 
fashion. Even the three mam divisions of origin, mechanical, 
chemical, and organic, are not clearly separable, for 01 game sedi- 
ments may be transported mechanically, and many precipitates may 
form both chemically and organically, so that the 01 igin of a par- 
ticular precipitate may not be shown in the result It is note- 
worthy that in recent years the evidence is indicating that a sub- 
stance that can be precipitated both chemically and oiganically, is 
precipitated more rapidly and more completely by organisms For 
this reason there is a growing tendency to attribute cherts, pi otoi es 
of iron, and sulphur deposits to organic agents 

The common transitions between sandstone, shale, and lime- 
stone probably need no further comment, except that the mollusca 
are the chief organisms that grow in an environment wheie mud 
and sand are being deposited Some of the carbonate of the 
mechanical sediments, however, may be transported 

The precipitates have a remarkable variety of forms and struc- 
tures The main listing of these is in the discussion of precipitated 
limestones — ^beds, on5Tc, concretions, pisolites, oolites (Figs 72 (a) 
and (b)), stalactites, stalagmites, travertine or sinter, caliche. 
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veins, and replacements. The same structures may form in precipi- 
tates of many other minerals, but some are so small in volume that 
they need not be listed here. Several, however, are such wide- 
spread features in other rocks as to deserve description 

Concretions are usually nodular to rounded masses from an 
inch to a few feet across, differing in chemical and mineral nature 
from the enclosing rock, and commonly with a concentric structure 
indicating growth by deposition of successive layers There are 
the chert or flint in limestone, the calcite, pynte, siderite, or limonite 
in clays, and the pynte, hematite, or calcite in sandstones Most 
of them are smooth on the outside, but internally many are cracked 
irregularly as if by shrinkage, after which they may be healed with 
vein matter forming “septaria ” 
crystals pointing inward is called 
a geode. Most concretions are 
given variety names based on 
mineral composition. In porous 
rocks, the cement may be de- 
posited in concretionary layers 
and gradually replace some of 
the original minerals A concre- 
tionary banding in sandstones is 
perhaps more common than the 
replacement of the sand by solid 
masses of the concietionaiy de- 
posit 

Replacements commonly form 
pseudomorphs, and structures may 
be retained as well as forms No 
mineral seems to be so insoluble 
that It cannot be replaced by an- 
other Limestone may be silici- 
fied, and siliceous fossils may be 
carbonated. Petrified wood forms a particularly striking replace- 
ment, with opal, chalcedony, quartz, or pynte retaining the struc- 
ture of cells, and canals 

Another common and very striking precipitate forms in joints 


A hollow concretion lined with 



Fig 73 — Dendrites, branching crys- 
talline forms, largely manganese 
oxideb, that grow commonly in the 
joint spaces of fine-grained uni- 
form rocks About natural size 
Courtesy of the McGraw-Hill 
Book Company 
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m fine-gramed rocks, such as rhyolite or fine limestone. In such 
joints crystals grow flat and branch, like frost crystals on windows 
— they are called dendntei, and if they aie dark materials, com- 
monly black manganese oxides, they resemble vegetable growths on 
the light rocks (Fig 73) 

Mmeral Association in Sediments 

The rules of association in sediments aic very different from 
those in igneous rocks, in which minerals melted together react 
chemically. In sediments the bases of association are ( i ) hard- 
ness, (2) stability under weathering conditions and (3) the place 
or conditions of deposition Clays being soft are mechanically 
broken up to finer grains and largely sorted away from coaiser 
sands but are associated with iron oxides which aie equally fine 
grained The weather resistant, hard, sandy mineials, like quartz, 
tourmaline, zircon, and garnet, are commonly deposited with each 
other. The deep-sea red clays are not expected with shallow sedi- 
ments such as conglomei ates Red sands, salt, and gypsum aie 
not expected in association with coal or such sediments as imply 
humid climates 

Specific Gravity and Porosity 

The specific giavity of sedimentaiy minerals means relatively 
little because each kind of rock has a variety of different poiosities 
Porosity is commonly reported in per cent, showing the volume of 
pores compared to the volume of the lock plus pores In the 
following table after Lane, and Bairell, the figures may be a little 
too high, not allowing enough for porosity, the weight pet volume 
increases as water is eliminated fiom the minerals 


Fsiimaffd Sprciiic GRAVinrs or Sfdimfnis 


Specific giavity of 
mineral mixture 
without pores 

Weight with pores 
half full, tons per 
cubic meter 

Average igneous rock 

1 

479 

2 8 

Shale 

2 6 cj 

2 i;i 

Sandstone 

2 67 


Limestone 

2 76 

1 ^ 
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Somewhat related to the porosity of a sediment is its water- 
tightness, which governs its usefulness as a cover or base for water- 
bearing beds, but the sizes of pores and sizes of grains are even 
more important A clay may have more water in its pores than a 
gravel when both are saturated. The clay, however, exerts so 
much more friction as water circulates through it that it is almost 
water-tight, in contrast with the gravel which allows rapid circu- 
lation 



A 

Well sorted rourtded 
grains with about 
25 % porosity whether 
coarse or fine 





B 

Poorly sorted 
rounded grains 
Porosity much 
less than in A 


C 

Angular grains 
High porosity 


D 

Porous sand 
with porosity 
reduced by 
cementation 


Fio 74 — Relations of texture and cementation to porosity of sand 


The permeability of a porous rock is defined " as the volume 
of a fluid of unit viscosity passing through a unit cross section of 
the rock undei a unit pressure gradient in a unit time The ac- 
curate deteimination requires special equipment The permea- 
bility IS moie related to the sizes of grains and poies than to the 
per cent porosity When minerals are mixed with a liquid which 
wets the giains, thin films are “bound” to the mineial surfaces 
If all the pore spaces are small, the liquid which gets into the pores 
is all so close to the mineral surfaces that it is all bound in the 
films and cannot move freely The students of underground cir- 
culation commonly lefer to “effective porosity” excluding the films 
and closed pores. 

Wyckoff et al Measurement of Pet meabdtty of Porous Media Bull 
A A P G, volume i8, pages 161-190, 1934 

The standard procedure was tentatively established in the API Code 
No 37, American Petroleum Inst Drill and Production, 1935 (1936), pages 
267-273 See also O E Memzer See U S G S Water Supply Paper 
596, pages 144-176, 1928 A recent paper is by H C Pyle and J E Sher- 
borne Core Analysis, TesAi Pub No. 1024, A I M M E, 1939 
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For shales, some detailed studies have been made of the changes 
in porosity and other properties with increasing overburden In 
certain formations with an initial porosity of 50 per cent in the 
first 100 feet, an overburden of 1,000 feet reduced the porosity 
to about 30 per cent, 2,000 feet to about 23 per cent, 3,000 feet 
to about 18 per cent, and 8,000 feet to about 8 per cent The 
hardness and resistance to slaking and weathering also increased 

Porosities m sediments lange from a fraction of i per cent to 
more than 50 per cent Closely packed uniform spheres have 
25.95 space A mixed sediment, such that the fine 

grains lie in the spaces between coarse grains, may have much lower 
porosity (Fig 74) Cementation (page 143) reduces porosity 
Some pore spaces result from joints and even fiom solution of 
rock along channels The determination of porosity may be based 
on (i) volume and water absorption, or (2) the specific gravities 
(a) of the rock with pores and (b) of the crushed rock with pores 
eliminated (page 270). For reservoiis it may be useful to deter- 
mine the porosity of the lock as it occurs in the ground 

Colors and Compositions 

Most of the common sedimentary minerals are white when 
pure. Colors are added by caibonaceous matter and the oxides 
of iron, manganese, and otheis 

Note that certain latios oidinanly distinguish sediments from 
Igneous rocks (page 253) AhO; greater than alkalies and lime 
combined, magnesia greater than lime, potash gi eater than soda, 
and other features. These must be used with caution 

L F Athy Density, Porosity, and Compaction of Sedimcntar y Roiks 
Amer Assoc Petroleum Geologists, Bulletin, volume 14, pages 1-14, 19^0 
C K Leith and W J Mead Metarnotphu Geology, 1915, pages 226— 

240. 
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TABLE X 

Analyses of Certain Sediments and Sedimentary Minerals 
(After Clarke, Leith and Mead, and others) 



Average 

shale 

Kaolin- 

ite 

Average 

sand- 

stone 

Average 

lime- 

stone 

Limestone 

for 

build- 

ings 

Calcite 

Dolo- 

mite 

SiO: 

5890 

46 5 

7864 

5 20 

1409 



AliO, 

1563 

395 

4 77 

081 

175 



FciOs 

407 


I 08 1 





FeO 

248 


130 J 

054 

077 



MgO 

2 47 


I 17 

792 

4 49 


21 9 

CaO 

315 


551 

42 74 

40 60 

5604 

304 

NaaO 

I 32 


045 

0 05 

0 62 



K2O 

Ca 3 

00 


132 

033 

0 58 



H2O- 

3 7 ^ 

14 0 

133 

0 56 

0 88 



T1O2 

0 66 


0 25 

0 06 

008 



P2O6 

0 17 


008 

004 

0 42 



CO2 

2 67 


503 

41 70 

35 58 

4396 

47 7 

Miscellaneous 

I 48 


0 07 

0 05 

0 48 




The Determination of Sedimentary Rocks 
Most sedimentary rocks are easier to identify than igneous 
rocks Breccias, conglomerates, sandstones, coal, and fossilifer- 
ous limestones are lecognized at a glance, as are certain of the 
minor varieties Difficulties arise chiefly among the rocks so fine- 
grained that the minerals cannot be seen as individuals, and for 
some of these the microscope is needed In its absence, however, 
certain distinctions should be made, and a few suggestions may be 
helpful 

1 Fine-grained, firm, light-colored rocks are confusing 

Chert — H = 7 If fiesh Forms concretions and strata 

Felsite — H = 6 + Mostly in dikes and flows and may have 

phenociysts 

Limestone — H = 3 Effervesces in acid Stratified 

Shale — H = 1—3 Earthy odor Stratified 

Weathering may leave the felsites and the outside of cherts 
much softened so a fresh rock is needed for distinction 

2 The white or very light-colored earths look alike. 

Volcanic ash — Gritty, sharp 

Kaolin — Plastic when wet. 
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Marl — ^Very friable, effervesces 

Chalk — Effervesces 

Siliceous earths — High porosity, light weight, gritty feel 

3 Black glasses may be confused with haid toal 

Obsidian. H = 6 Stieak nearly white. Sp G — 2 4 Mas- 
sive 

Coal H = 3 — 4 Streak brown to black Sp G 2 Mostly 
bedded 

4 Pebbles in some odd kinds of cement resemble eintvgdiile^, 
phenocrysts, concretions, and sphernltles 

Pebbles — Mostly of hard mineials, quartz, feldspars and hard 
rocks Mostly rounded grains in sandy matrix Cemented by 
quartz, calcite, or iron oxides 

Amygdules — Mostly soft secondary mineials or quartz, in a 
matrix of dark basaltic locks. Zeolites commonly radial Rounded 
to almond-shaped 

Phenocrysts — Mostly quartz, feldspar, hornblende, augite 01 
olivine, in either light or daik felsitic rocks Ciystal forms 

Concretions — Minerals such as giow from water solution 
Structures rounded and commonly concentric Matrix ot common 
sediments 

Spherulites — Mineials, quaitz and orthoclase in light locks, 
but plagioclase and others in dark rocks Structures ladial 

5. A buff or gray, loosely cemented sandstone of medium giain 
is much like a buff or gray dolomite with ciystals of similar si/es 
A drop of acid may cause so little effervescence as to be deceptive, 
and it IS always best to use warm acid before deciding whether 
carbonate is present Even in the absence of acid, howevei, the 
sandstone should be recognized by the hardness of the giains of 
quartz These cannot commonly be recognized by testing the 
hardness of the rock Loosely cemented quartz locks can be 
rubbed to pieces with the fingers, and the rocks are propeily said 
to be soft The quartz grains in the lock are still hard, and quite 
capable of scratching either glass or steel Reverse the test, and 
instead of scratching the rock, see if the grains in the rock will 
scratch a knife blade. 
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6 Phosphate rock is so much like a limestone that a test is 
needed wherever phosphate is suspected Otherwise such rocks are 
called limestone Put a drop of concentrated nitric acid on the 
rock and sprinkle on powdered white ammonium molybdate. Good 
phosphate quickly turns the white powder canary yellow. 

7 A geode (page 189) somewhat resembles a mtarohtic cavity 

(pages since the openings are of about the same range of 

sizes and both are lined with crystals The common crystals in 
geodes are quartz, or calcite, and these and all other geodes are 
minerals deposited from water solution, usually in sedimentary 
rocks The common crystals of miarolitic cavities are those of the 
granitoid igneous rocks in which they occur, with less commonly 
some “mineializer” minerals, such as topaz or apatite 

8. Breccias of several kinds need some distinguishing criteria. 
Igneous breccias have fragments chiefly of igneous surface rocks 
and cements of ash, and opal or calcite. 

Talus breccias have fragments from the adjacent cliffs with 
cements of surface precipitates, such as travertine, opal, or limonite 
The fiagments may be larger than expected in other breccias. 

Friction breccias have fragments of rocks from the adjacent 
walls of the breccia zone, and cements of vein forming minerals, 
chiefly vein calcite and vein quartz 

9 A well cemented arkose resembles binary granite, but is 
commonly iicher in quartz and on close examination may show 
rounded sand grains 

Economic Importance of Sediments 

Sandstones and limestones fuinish good building blocks and 
concrete aggregates, and the deleterious minerals which may occur 
in some aie chiefly pynte and clay Limestone is the source of 
lime for moitar, plaster, and the active constituent of cement. 
Gypsum rock supplies hard wall plaster. Sand and gravel are the 
main admixtures in preparing lime and cement for mortar, plaster 
and concrete Clays and shales are burned to make brick and 
tile Diatomaceous earth is useful for insulation for heat and 
sound. 
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The siliceous sediments supply abrasives, and the uses of salt, 
coal, sulphur, and others are already familiar 

Certain ores, especially of iron, manganese and aluminum, are 
residual deposits Placer deposits m sand and gravel include gold, 
cassiterite, ilmenite, monazite, and diamonds Other ores may 
form cements in sandstones, but by far the most favorable host for 
sulphide ores is limestone, because it is easily replaced by ore- 
bearing solutions 

The final economic interest in sedimentary rocks depends upon 
the variety of porosity and permeability shown by common sedi- 
ments. Contrast the well known permeability of a porous sand 
or limestone with the water-tightness of shales (pages 191 and 
192). This is the basis of several commercial applications of 
rock study. Porous formations underground may contain impor- 
tant supplies of water, petroleum or natural gas To confine these 
underground in artesian basins or oil-bearmg anticlines and other 
structures, there are required some impermeable formations around 
the permeable. Details of structures favorable to commercial 
supplies, are the subjects of courses in structural geology and the 
geology of water supplies and petroleum Suffice to say that the 
structure is discovered largely by close observations on sediments 
at outcrops and in the field where drilling is in progress (pages 197 
to 206), and by the correlation of beds 

Rock Study and Sedimentary History 

Several geologists have made careful studies of sediments to 
draw conclusions as to their sources Even the beginner in rock 
study can appreciate the fact that boulders in a conglomerate may 
give a very definite indication that they were derived from some 
particular underlying formation and thus show the direction of 
transportation and the slope of the ancient surface In advanced 
work many other features are used The climate of the region 
at the time of deposition may be estimated, partly from the min- 
erals, structures, colors, and associations, and partly from the or- 
ganic remains, plant and animal fossils The ancient tilhtes are 
especially clear signs of glaciation. 
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The direction of the shore line near some marine sediments 
may be indicated by the lateral gradation in composition of the 
sediments, and their differences in thickness The location of shore 
facies is of great interest to the petroleum geologist, for even a 
narrow conglomerate or sand, deposited near shore, may have more 
porosity and permeability than adjacent beds and so constitute a 
good reservoir. Some “shoestring sands” are of this sort (see 
page 138) 

“The fundamental data of geologic history are (i) local 
sequences of formations and (2) the chronologic equivalence of 
formations in different provinces ” Clearly the study of sedi- 
mentary rocks IS prerequisite to a good record of the sequence 
of formations The “chronologic equivalence” also depends in 
large part on rock study, though fossils are much used to prove 
the equivalence of groups of formations The argument between 
those who map rock formations and those who map groups of 
equivalent age, is well stated in the Report of a Committee 
This leads directly to the methods of correlation. 

Correlation of Sedimentary Beds 

In districts being explored for oil, gas, or water, rock study 
serves several purposes The permeability of good reservoir rock, 
the lack of permeability in the enclosing formations, and the pres- 
ence of oil or organic remains that might supply oil, are features 
to be noted early in the exploration of a district One of the first 
steps in further exploration is a determination of the stratigraphic 
succession of formations in the district This succession may be 
known from maps of the surrounding areas, or from records of 
deep drilling already done in the region,®'^ but if not, preliminary 
mapping or drilling is necessary Once this is carefully done the 
problem rapidly becomes a process of correlation of formations 
seen in outcrop or recovered from drilling, with the known forma- 

C Brewer Oil Reservoirs and Shoreline Deposits Bull A A P G , 
volume 12, pages 597-615, 1928 

2® Classification and Nomenclature of Rock Units Bull Geol Soc 
America, volume 44, 1933 

The well logs made by drillers who are not trained in mineralogy and 
rock study, are often very deceptive An “oil sand” may prove to be dolomite, 
or worse 
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tions. The student of rocks should be able to guide exploration 
if he knows what formation is at hand, for that will lead to conclu- 
sions as to the underlying formations, and if elevations are also 
known, it will give structural data of the utmost value — guide the 
exploration to anticlines and synclines, unconformities and “con- 
vergence.” It is clear that very serious and expensive errors arise 
if the student of rocks mistakes one rock formation for another 
of difFerent horizon 

1. There are a number of significant points to be noted in the 
field as a basis of correlation, but none is more important than the 
usual advice to “walk the outcrop ” This may be simple in a 
well-exposed bed with strike easily determined, but is by no means 
simple where the rocks are largely covered with soil or surface for- 
mations. The outcrops may end abruptly, by erosion, by faulting, 
or by pinching out, and it may not be possible in a reasonable time 
to decide which 

The correlation based on walking out the beds is not entirely 
reliable in sandstone formations, for a transgressing sea may de- 
posit sand as a shore formation at pregressively higher levels at 
later times. The method can be used parallel to the shore line 
but is not good across it. Limestones are rather more constant, 
but coral reefs may finger out in short distances (Fig 6i ) 

2. The expert student of rocks next observes with care the 
details of the formation Many rocks are mixtures of shale, sand, 
and limestone, and the percentage of each is estimated and re- 
corded Marked peculiarities at one horizon — ^key beds — may be 
of great value It is noteworthy that some key beds may be very 
small, as illustrated by the thin partings in certain coal beds, which 
persist for many miles Similar conditions, however, produce simi- 
lar beds even at widely separated times Of course, the greater 
the number of peculiarities noted as identical in two separate 
exposures or samples, the greater the degree of certainty in correla- 
tion 

In sands, well cuttings, and the residues from solution of lime- 
stones in acid, the “mass characters” are important All the 

For a good discussion of such work see R M Whiteside Geologic In- 
terpretation from Rotary W ell CutUngt Bull A A P G , volume i6, pages 

653-74, 1932 
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minerals and rock fragments, and all the structures and textures, 
should be noted — ^jointing, bedding, lamination, sorting, nodules, 
oolites, crystals, twins, secondary growths, firmness of cementation, 
porphyntic and porphyroblastic spots, chert, coal, rare minerals, 
porosity, dolocasts, and cavities of other odd shapes," shards, 
degree of rounding, fossils, fragments of other shapes, zonal 
growth, peculiarities of surface, color, luster, odor, content of oil 
or salt water, and many others (see methods, pages 144 to 150). 
Bentonite beds have been considerably used as key beds ®* 

In some oil fields, where drilling has shown the nature of the 
formation, correlation can be based on geophysical tests, such as 
porosity and resistivity, without much need of rock study.** 

If all other methods fail, the samples may be given detailed 
petrographic studies of heavy accessory minerals, and the shapes 
and grade size distribution of minerals. There are only a few 
examples, however, in which the grade size has been the basis for 
correlation of such erratic sediments as sands *® The points of 
most value in the laboratory are ( i ) the distinctive association of 
minerals, (2) peculiar varieties of minerals and (3) the relative 
abundance of minerals. Locally, the fusibility of clays has been 
used m correlation 

3 These two methods, walking the outcrop and comparing the 
rocks, are greatly reinforced by a third line of evidence which also 
requires the methods of rock study This is a sequence of rocks 
of similar characters and similar thicknesses especially if the se- 
quence IS an unusual one The basic assumption is that, unless too 
strongly folded, the lower of a series of sedimentary beds is the 
older This is very important and may be illustrated by an 
example. 

Suppose a white sandstone with well-rounded medium-sized 
grains is exposed in nearly horizontal beds in a river valley at only 

Compare H A Ireland Use of Insoluble Residues for Correlation in 
Oklahoma Bull A A P G, volume 20, pages 1086-1121, 1936 

®® W H Twenhofel et al Treatise on Sedimentation, 1926, pages 205—9 
** H C Pyle and J E Sherborne. Co« Tech Pub No 1024, 

A I M M E , 1939 

®» For one example see I I Gardescu and M H Billings Bull Am 
Assoc Petroleum Geologists, volume 21, pages 1311-32, 1937 
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two places about lo miles apart. Correlation is at once suggested, 
but the evidence given is very weak Since the conditions of the 
problem do not permit “walking out the bed,” other evidences are 
sought. Above the sandstone at each place there are found first 
a sandy green shale about two feet thick and next a series of lime- 
stone beds about 30 feet thick. This combination of formations 
makes correlation very much more satisfactory. Few men would 
hesitate to suggest the equivalence of the series Abrupt changes 
in the kinds of rock in a series of beds are much more significant 
than the total gross character of any single sample Nevertheless, 
the sequence of sand, shale, and limestone is a common one and 
may be repeated in a higher sequence of beds If above the lime- 
stone another green shale about 40 feet thick is discovered, the 
correlation is better not only because of another bed in the se- 
quence but because the sequence in each of the two outcrops includes 
a shale above limestone — a sequence less common than that of 
limestone above shale 

In most such examples as this one the careful student of rocks 
may add to the certainty of correlation by close inspection of the 
beds within a formation. Few sandstones and limestones in out- 
crops 30 feet thick are wholly uniform, and if the sequence of 
minor changes is the same in two exposures, the correlation may 
be as definite as if the major sequence is exceptional The fossils, 
the color, the impurities, the surface forms of weathering, the 
intraformational conglomerates and a host of other features serve 
to develop such minor sequences 

Attention should be given to any breaks in sequence, such as 
unconformities, below which the sequence is expected to be different 
at different places Underlying beds may differ from those above 
in attitude or degree of metamorphism as well as in original mate- 
rials 

The probable changes in thicknesses of beds, as traced laterally, 
should always be kept in mind Conglomerates and sandstones 
may thin out rapidly in short distances Shales are more uniform, 
and limestones normally persist to great distances Examples are 
known, however, in which a well-exposed limestone 20 feet thick 
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disappeared from the sequence in less than a mile.** This is ab- 
normal for limestones but may be expected in sands. Limestones 
are especially useful in correlation, both because of this constancy 
and because they commonly carry fossils 

The student should realize that the complexity of the strati- 
graphic sequence is very great, and detailed preparation includes 
studies in sedimentation and stratigraphy in addition to rock study *' 

4. The topographic expression of a formation is useful in 
correlation, limestones and hard sandstones forming many clifiFs 
and steep slopes, and shales forming gentle grassy slopes. The 
harder rocks form ridges, whereas valleys are cut in the soft shales. 
Fragments of a formation on a steep hillside may be assumed to 
have come down rather than up the hill unless the country is 
glaciated. The “float” (fragments in the soil) may commonly be 
traced in a fairly definite line. Very special features of topog- 
raphy, that prove useful, may be illustrated by “sink-holes,” com- 
mon in limestone 

5. The character of the soil and vegetation (or lack of it) 
upon a formation may be of much help in poorly exposed districts, 
but a few exposures must be studied first to determine the nature 
of the soils and vegetation related to the several formations 

6 The average field geologist uses fossils as he does any other 
peculiar character in comparing beds, not attempting to name the 
species or determine their range. In shales and sands the mollusca 
are expected, and other groups are common in limestone. Age is 
commonly determined from fossils collected and sent to a paleon- 
tologist, who may group formations into systems The methods 
of detailed rock study in the laboratory take longer than age deter- 
minations by fossils, for a prerequisite to correlation by rocks is 
the establishment of a type section in the district, whereas the fossil 
sequence is already nearly world-wide The advantage of rock 
study methods is that they are applicable everywhere, even where 
fossils are absent The rock detail may also serve to subdivide 
a group of beds in which fossils are uniform throughout 

®® G H Cox, C L Dake and G A. Muilenburg Field Methods in 
Petroleum Geology 1921, page 137 

*’' H B Milner, Sedimentary Petrology, 2 d Ed , pages 360-45 1 > 

gives a somewhat more detaded discussion. 
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7 A certain amount of correlation can be based on ages of 
rocks, determined by contact relations, or by atomic disintegration, 
or differences in metamorphism 

The description of a sedimentary formatton, as distinct from 
a specimen, covers location, distribution, name, correlation, stratig- 
raphy, thickness, fossils, origin In this series the description 
of the rock, or the several facies of the formation, should probably 
be placed after the notes on distribution and name The points in 
that description are those covered in Methods of field and labora- 
tory work (pages 144 to 150).*® 


DIFFERENT METHODS OF LOGGING WELLS 

C after M I Goldman ) 

0RILLER®S LOQ SYNTHETIC LOG PERCENTAQE LOG 


Shale, sandy 


Sand and lima broken 


Shale blue 


Ume, white hard 
Slate blue soft 


Lima black, hard 


Lima black grey 
Lime grey 

Lima and slate black grey sand 
Lime and slate black gray 
sand 
Slate black 
Lime, black gray 


Lime, pyrites of iron, 
black grey 


Lime, dark grey 
Slate, black 



Shaly, sandstone 
Sandstone 

Conglomerate sandstone 
and shaly sandstone 

Shale 


Shaly sandstone 
Black cal sh and black la 
Shale pradominating 
Black Is and black cal sh 

Black shale 

partly calcer*ous 


Black limestone to 
black cat shale 
Black non calcareous shale 
Grey and white sandstone 
Black Is and black cal sh 
Black limestone 


Black and grey limestone 
with flints 

Black and grey limestone 
with flints and some cal sh. 

Black and grey limestone with 
ailltt^ie, flint in upper part 
B ack limestone and shale 


y limestone flints 

Black limestone, flint sand 

Black andgrey limestone 

and flint 

Sandy, glauconitic phosphatic 
Black limestone andshala 
Black limestone and shale 


Phosphatic limestone 
Brownish black sandy 
shale, slightly calcareous 



Fic 75 

sg ^ good example of detailed study of a formation is given by G A 
Thiel Sedimentary and Petrography Study of the St Peter Sandstone. Bul- 
letin of the Geological Society of America, volume 46, pages 559—614, 1935 
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Logging Wells 

Logs and records kept by drillers without training in rock 
study show very little except how hard the rode is. Most large 
companies now have trained men to log the wells, because they find 
the record useful — (i) for correlation which determines structure, 

(2) for planning the casing of the well and hole reduction, and 

(3) selecting horizons to plug the well for shallow production. 
Equipment is carried to the drill rig for almost any desired detail 
of study of the rock, usually including a binocular microscope and, 
in important wells, including chemical and a variety of optical 
equipment. 

Every log should distinguish not only the main rocks — shale, 
sandstone, and limestone — ^but also dolomite-limestone, chert, gyp- 
sum, salt, coal, anhydrite, and others if they are encountered These 
mam items, once recorded, should next be qualified as to mass 
characters and results of tests — effervescence, slaking, fusion, pres- 
ence of oil, etc (page 199) A blank form for the logs is a con- 
venience and the student may find that such blanks develop habits 
of observation. 


Depth 

Principal 

Material 

% 

Mass characters 

Color, luster, acid 

Other Materials 

% % 

















After a record is made in the notebook for each sample, the final 
log is compiled to show at what depth changes occur, 1 e , the depth 
of contacts between formations or members is recorded rather than 
the detailed findings for each sample taken (Figs 75 and 76) 
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A log from a rotary drill*® might be somewhat as follows; 


Gypsy Oil Co Muegge No i 
Sec 33, T 26 N , R 3 W , Grant County, Oklahoma 


Depth m feet 

Formation 

1520-1530 

Red shale 

1530-1550 

Fine, light, soft, slightly reddish sand 

^50^1575 

White, porous limestone 

1575-1590 

Gray, hard subcrystalline limestone 

1590-1625 

Dark gray shale 

1625-1640 

Red shale 

1640-1670 

Dark gray shale 

1670-1705 

Light, dense limestone 

1705-1720 

Gray, shaly, thin bedded limestone 


Note-taking — It is good practice in both field and laboratory 
work to take copious notes, and follow a system or outline so 
that no essential features are overlooked (see pages 146—147) 
Under the pressure of commercial work, however, where a large 
number of exposures or drill samples are to be studied every day, 
some abbreviations or short cuts are needed, but abbreviation 
should not be carried so far that the notes are unintelligible A 
few suggestions are offered and examples serve to show how they 
can be used 

For the chief sediments, many are familiar with “sh, ss, Is, dol, 
gyp,” and the same symbols may show an admixture of some of 
these materials with others, but there are also arg, for argillaceous, 
aren, for arenaceous, calc, for calcareous, and carb, for carbonace- 
ous 

Color records of sediments may be abbreviated to the initial 
letters of the spectrum colors, v, i, b, g, y, 0, r, leaving 


W— black 
br — ^brown 
gr — ^gray 
p — pink 


i/— buff 
pur — purple 
wh — ^white 
It — light 


dk — dark 
spec — speckled 
dap — dappled 


Color terms for a rock and for the minerals in it may be separated 
if desirable 

Sizes of gram are referred to the grade-size scale (page 152), 

Compare with S K Clark, J I Daniels and J T Richards Logging 
Rotary Wells from Drill Cuttings Bull A A P G, volume iz, 1928, 
page 73 
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but grains coarser than sand are met so seldom that they are best 
named in full The series of sand sizes are . 


V crs 
crs 
med 
fn 

V fn 

Gram shapes are: 

Angular — Z r 
Subang:ular — sub Z r 
Subrounded — sub rdd 
Rounded — rdd 
Crystalline — x 
Granular — gran 
Flaky cuttings — fl 
Spongy — spgy 
Fibrous — fib 


Shales may be papery — pap 
Dense (limestones) — ds 


oolitic — ool 
nodular — nod 
fossiliferous — fos 
cavernous — cav 
porous — por 


Mineral characters and associations, in addition to the terms for 
the chief sediments, are 


arkosic — ark 
micaceous — mic 
pyritic — py 
cherty — ch 
magnetitic — mag 
glauconitic — gl 


bituminous — bit 
anhydntic — anhy 
ferruginous — fer 
manganiferous — mn 
and others that are best 
spelled out in full 


These terms are qualitative only as to the presence or absence 
of the minerals, and it is best to go farther wherever possible, 
distinguishing highly glauconitic, for example, from moderately or 
slightly glauconitic, and so for other minerals 

Other properties such as hardness, cementation, surface char- 
acters, and odor should probably be written without much abbrevia- 
tion. 

Sample well logs are given on pages 202, 204 and 205. Gold- 
man gives in parallel columns examples of three kinds of logs that 
are well worth consideration, although the drillers’ log shows only 
a little of value (Fig. 75). 



CHAPTER IX 

GENERALITIES ON METAMORPHISM 

Outline of Discussion 

Definition of metamorphwn 
Factors of metamorphism 

Forces — ^heat, pressure (gravity), chemical and crystal forces 
Agents — ^air, water and water solutions, magmas and emanations 
Kind of rock involved 
Time. 

Kinds of metamorphism 

Regional, chief factor pressure 

Contact, chief factors heat and magmatic emanations 

Hydrothermal, chief factor hot water solutions 

Processes 

Granulation 

Recrystallization 

Injection. 

Replacements, by addition and subtraction and reaction 
Products 

Slates, schists, gneisses, quartzites, marbles, hornfels, and a great variety 
of special products, many of which defy ordinary classification and naming 

Definition of Metamorphism 

The word metamorphism was first introduced into geological 
literature by Lyell in 1832, and was used to describe the processes 
by which rocks undergo alteration It was particularly applied to 
those rocks that, from deep burial in the earth, and from the 
consequent heat and pressure to which they have been subjected, 
have lost some of their original features and have assumed struc- 
tures and textures resembling those of the primary or plutonic 
rocks. In this sense it has been generally employed since, and it 
implies an increase in crystallization, hardness and those attributes, 
which are especially associated with the crystalline schists, as con- 
trasted with the unaltered rocks. 
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The literal meaning of the phrase “the processes by which rocks 
undergo alteration” is nevertheless somewhat more comprehensive 
than this, and may be made to include the changes produced by 
atmospheric agents, which we ordinarily describe by the term weath- 
ering These have already been described under sedimentation 
because they result largely in the formation of clays and sands 
The processes of diagenesis in sediments also involve “alteration,” 
but are considered here under the sedimentary discussion rather 
than metamorphic, because the changes occur at surface tempera- 
tures and pressures. There is no sharp line of separation between 
the common processes of induration and those of the more thor- 
ough transformations that characterize metamorphism At the 
two extremes the products are strikingly different, but in the middle 
ground, the line of separation is arbitrary, and there is room for 
a difference of opinion. It is sound usage to classify as meta- 
morphic all rocks that have been so much modified that their 
original structure is largely destroyed, or that have undergone 
noteworthy changes in mineral character. 

The Factors of Metamorphism 

Heat . — Temperatures increase with depth in the earth from 
the average near zero at the surface The rate ranges widely at 
different places, from i° C in a foot or two, near Recent volcanoes, 
to 1° C in over 400 feet in the older Shield areas. The latter 
figure would probably be normal in the absence of magmatic action 
Evidently at a depth of a few miles, especially in regions of batho- 
lithic invasion, the temperature is so high that rocks that are stable 
at the surface may be greatly changed by heat Water is expelled 
from many minerals, such as clays, and the carbonates react with 
silica or other acids losing CO2 

Heat may at some depths carry metamorphism to the stage of 
fusion, regenerating igneous rocks, but the evidence that this has 
occurred in rocks exposed later at the surface is very meager Such 
fusion produces igneous magma and should not be classed as meta- 
morphism, but has been referred to by some geologists as “ultra- 
metamorphism,” Recently the term “rheomorphism” has been 
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proposed for a process of at least partial fusion, such that the rock 
may be deformed viscously. 

Great heat in metamorphism conunonly develops a group of 
new minerals. This is especially true when the heat acts on a 
sedimentary series, for it is hardly to be expected that heat will 
greatly modify the minerals formed by cooling from a magma. 
Besides regenerating the igneous minerals— quartz, feldspar, and 
others — high temperature metamorphism produces new ones such 
as garnet, andalusite, sillimanite, cordierite, and graphite, made 
from constituents already at hand, and by certain additions of 
new constituents produces some very different minerals such as 
tourmaline, sulphides, and a variety of “mineralizer minerals ” 

When stress acts with the heat, the results are very complex. 

Pressure. — The most evident condition of pressure is the load 
on rocks which are deeply buried in the crust It is doubtful, how- 
ever, whether such pressures are the ones most effective in meta- 
morphism Structural studies indicate that some rocks which are 
only slightly metamorphosed have been buried lO miles or more 
Probably the major forces of metamorphism are related to changes 
in volume in the deeper parts of the earth, but partly also to 
magmatic injection. The resulting thrusts in the crust of the earth 
are directed laterally, and the cleavage that results is steeply 
inclined 

In general, uniform pressure increases solubility, and a release 
of pressure causes precipitation from water solution. Changes in 
pressure thus favor recrystallization. 

Non-uniform pressure or stress causes deformation, and if it is 
rapidly applied the rock breaks down into smaller grains — is granu- 
lated If more gradually applied and especially if the rock is under 
confining pressure, it causes rock flow by internal gliding, twinning, 
and probably recrystallization If one part of a crystal is strained 
to a greater degree than another, the strained part is more rapidly 
affected by chemical action It may be dissolved when the rest of 
the crystal is not. Thus we find metamorphic rocks with crystals 
having elongated forms. The evidences of deformation in the 
rocks are noted below in discussion of the processes of meta- 
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morphism. It is a safe inference that much more metamorphic 
recrystallization is due to stress than to uniform pressure. 

The results of stress include an orientation of grains, a schis- 
tostty, which is a parallelism not only of the maximum dimensions 
of the grains (Fig 77), but of crystallographic axes. This orien- 
tation may result from granulation and rotation, from gliding 
internally, or from recrystallization, but the process is still a subject 
of research (page 218). Harker lists also the “stress minerals,” 
which form mostly in rocks that give evidence of having been sub- 
jected to stress — ^kyanite, tremolite, actinolite, glaucophane, zoisite, 
epidote, ottrelite, and staurolite. 



(«) (*) (c) (d) 

Fig 77 — Diagrams of different structures causing schistosity {a) Crumpled plates 
(b) Platy grains (c) Linear grains (d) Lenses 


Chemical Affinity — Chemical reactions are prominent in meta- 
morphic recrystallization. An impure clay with no biotite is com- 
monly metamorphosed to biotite schist The common metamor- 
phic changes are reduction, the removal of water or hydroxyl, the 
removal of carbonic acid and the formation of silicates 

Crystal Forces — Where several minerals recrystallize in the 
same rock some have more tendency to assume good crystal forms 
than others, apparently because of crystal forces. Some grow 
larger than others forming porphyroblasts (Fig 82). 

Water . — The rocks of the earth nearly all have some traces 
of water, and the porous rocks may have large amounts even at 
considerable depths. There is also combined water and hydroxyl, 
which may become available water when the rocks are metamor- 
phosed by heat. Probably nearly all rock metamorphism involves 
some recrystallization by water solution. Professor Kemp has 
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called attention ‘ to the relatively small amount of “pore-water” 
in this connection, but a little water, even if derived from dehydra- 
tion of a mineral, may have great metamorphic effects. It dissolves 
a little of some mineral, allows that to precipitate, and is then 
available to dissolve more , thus being used over and over. 

At shallow depths meteoric water and that chemically combined 
in the minerals probably dominates reactions, but at greater depths 
this source of water may be overshadowed by magmatic emana- 
tions with their high temperatures, strong solutions of other re- 
agents, and rapid changes as they penetrate cooler rocks. 

Magmas . — As agents of metamorphism magmas act largely 
by their heat — already discussed — and by injection of magma into 
a rock along fractures or cleavage planes, or even pervasively into 
intergranular openings, though magma is probably too viscous to 
penetrate far Magmas also transmit intrusive stresses to their 
walls and contribute gaseous emanations which are especially active. 
Gabbro magmas appear to have been hotter than granite magmas, 
but have probably contained less water and mineralizer elements 
than granite magmas 

Gases. — Aside from the action of atmospheric gases, included 
in weathering (page 125), the chief gases causing metamorphism 
are the magmatic emanations referred to in the paragraph above 
The small emanations from basic magmas carry Cl, Ti, Fe, and 
Mg; and large volumes from granitic magmas carry water, halo- 
gens, sulphur compounds, carbon dioxide, iron, silica, etc The 
action of these gases can be observed in fumaroles and solfataras 
near volcanoes, but their chief metamorphic effects are deep seated 
They are perhaps of more interest in connection with ore deposits 
than in rock study 

Nature of the Rock — Weak rocks yield more readily than 
strong rocks to deforming stresses. Soluble rocks recrystallize 
more rapidly than less soluble rocks. The rocks with secondary 
cleavage are chiefly those that have such compositions that they 
are able to recrystallize to form platy minerals Evidently these 

ij F Kemp The Ground Waters Trans Amer. Inst Min Eng, 
volume 45, pages 3-24, 1913 
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and other features of the rock have a great influence on the rocks 
that result from metamorphism 

Ttme — The average pre-Cambrian rocks are so much more 
metamorphosed than the average rocks of any later era, that it 
seems clear that time is involved in the making of a metamorphic 
rock. 

Summary of Factors — The tendency of recent years is to em- 
phasize two major groups of factors in metamorphism, first, the 
lateral thrusts related to orogenic revolutions, and second, the inva- 
sions of Igneous magmas with their abnormally high temperatures 
and abundant active emanations 

It IS probable that bathohth roofs, injected, recrystallized, de- 
formed and almost assimilated, but now exposed by erosion, give 
the best clues to conditions that prevail widely at depths beyond 
any possible exploration 

The Kmds of Metamorphism 

Each of the factors of metamorphism may be used to distin- 
guish a kind of metamorphism. The student will find in the 
literature many references to thermal metamorphism, dynamic (or 
pressure ) metamorphism, chemical metamorphism, hydro-metamor- 
phism, etc None of these, however, is a very satisfactory basis 
for distinction or classification There is no metamorphism with- 
out heat — that is at absolute zero There is no metamorphism 
without at least atmospheric pressure. Practically no rock has 
been found with so little water that it cannot be detected by the 
chemists. All metamorphism, therefore, is thermal, all is dynamic 
and all is “hydro-” in this sense. It seems that the better terms 
are based on groupings of major or important factors and the 
terms here used are 

1 Contact metamorphism, referring to the contact or near 
approach of an igneous intrusive, so that in the change of the older 
rock, heat is a major factor, but gaseous and water solutions, at 
least locally, have caused great changes in composition. 

2 Regional metamorphism, in which deep-seated deformation 
IS a major factor, but heat, water, and other factors have consid- 
erable influence. 
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3. Hydrothermal metamorphism, in which hot water solutions 
produce characteristic mineral changes, especially in the walls of 
veins 

Most general texts on rock study cover chiefly the first two 
kinds, or these two with weathering as a third kind, in which air 
and cold water are major factors (page 125) The hydrother- 
mally altered rocks, though very small in total volume, are charac- 
teristic wall-rocks of mineral veins, and are almost the only rocks 
seen by miners who work in ore-deposits that originated as veins 

Van Hise, in a monumental Treatise on Metamorphism,^ dis- 
tinguished two major kinds or processes of metamorphism, (i) 
katamorphism, which breaks rocks down, and (2) anamorphism, 
which builds up new rocks. He included weathering as katamor- 
phism. The distinction emphasizes a valuable theoretical point, 
but in common usage, which is followed in this book, the term 
metamorphism corresponds closely to the anamorphism of Van 
Hise 

Contact Metamorphism. — Contact metamorphism is the change 
in the walls of an igneous intrusion or in included fragments of 
such walls, as a result of the heat, and of materials emanating 
from the magma. The effects commonly extend for a few feet 
only, and rarely as much as 2,000 feet 

The Igneous rock itself may be notably different near the contact from 
what It IS in the center, and it was formerly the custom to refer to “endo- 
morphic” contact rocks tn the intrusive, and exomorphic contact rocks outside 
The present tendency seems to be to use contact metamorphism almost \\holl> 
for the wall rocks, using other terms for the rocks within the intrusive — 
contamination, assimilation, chilled margins, and even autometamorphism 

Widening observation has shown that contact metamorphism 
IS produced by all varieties of igneous rocks. Granites, syenites, 
nephehte-syenites, diontes, gabbros, and even peridotites have in 
one place and another proved to be efficient agents Yet in general 
the following statements may be said to hold good 

1 Plutonic magmas are more favorable than volcanic flows in 
causing metamorphism 

2 C R Van Hise A Treatise on Metamorphism U S Geol Survey, 
Monograph 47, 1904 
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2 Magmas nch in mineralizers are more favorable than those 
with little vapor in solution. Recall that acidic rocks generally 
have more abundant mineralizers than basic rocks. Granites are 
the commonest rocks to have contact metamorphic zones 

3. As regards the walls, different sedimentary rocks possess 
different susceptibilities Highly siliceous sandstones and conglom- 
erates, for example, are stubborn subjects, and manifest but slight 
alteration; but highly aluminous or calcareous beds are favorable 
to recrystallization, because they contain the alumina, iron, lime, 
magnesia, and the alkalies which will combine with silica, under 
metamorphosing influences, to yield copious contact minerals Of 
all rocks, impure limestones yield the most varied and interesting 
results. 

4. Chemical changes by introduction are important at some 
places (pages 218 to 220) 

5 The apparent distance to which contact action extends, de- 
pends on the angle of emergence of the intrusive The actual 




Fig — Diagram of contact zones around intrusive stocks , wider in limestone than 
in other sediments , wider along the bedding than across it Outcrop widei where 
the contact dips at low angles (a) Map (b) Section 
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distance differs with many factors, being greater in the direction 
of structural openings, and in soluble and porous rocks, greater in 
shale and limestone than in quartzite or igneous rocks (Fig 78) 
6. Contact effects are strangely small or lacking at some places 
where we would naturally expect them 

Regional Metamorphtsm — Regional metamorphism takes its 
name from its wide distribution. The great pressures and stresses, 
which are a major factor, act over great distances simultaneously 
and so produce somewhat related effects throughout a region 
Probably most of the action is deep-seated in the earth’s crust, 
where the temperatures and especially the pressures are high, over 
wide areas. These contrast with the narrow zones, very much 
higher temperature and moderate pressures of contact action, but 
the contrast is not as sharp as it may sound The heat and solu- 
tions involved in regional metamorphism may be derived from a 
magma at no very great depth below. Barrell has called attention 
to the probability that batholiths may spread widely under the 
crust, even where outcrops of igneous rock are very few * The 
introduction of such a mineral as tourmaline is highly suggestive 
of Igneous magma nearby. It is known also that two sediments 
buried and folded at about equal depths may be metamorphosed to 
very different degrees, so that it seems likely the more altered one 
has been affected by a bathohthic invasion close below 

Regionally metamorphosed rocks show a wide range of mineral 
transformations and structures depending on their original nature 
and on the process affecting them, but all are crystalline, with 
crystals interlocking so that porosity is at a minimum Most of 
them have become laminated or foliated, independently of original 
structures All have been developed in regions of great disturb- 
ance, and most of them at such depths that it has taken a long 
period of erosion to bring them to the surface. For this reason 
most of them are of ancient geologic age. 

Processes of Metamorphism 

The new minerals and textures of metamorphic rocks result 
from recrystallization, from granulation, and locally from changes 

® J Barrell: The Relation of Igneous Invasion to Regional Metamorphism, 
American Journal of Saence, volume i, pages i— 19 and 174—267, 1921. 
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of composition The pressures involved m regional metamorphism 
cause rock flowage, a process usually combining granulation and 
recrystallization, and illustrated in the visible flow of ice in glaciers 

The evidences of deformation are clear in many rocks even 
without microscopic study There are distorted pebbles, amyg- 
dules, ellipsoids, fossils, crystals, etc The new structures and 
textures in metamorphic rocks accompany these signs of deforma- 
tion so regularly that they also become signs of deformation — 
folds, faults, schistosity, augen structures, etc 

The chief metamorphic deformation of rodcs occurs (i) in 
the deeper parts of earth where effects on the rocks can never be 
observed, (2) in regions of mountain folds and (3) especially in 
those mountains invaded by batholiths, so that pressure is rein- 
forced by heat and mineralizers 

Recry stalUzatton — Recrystallization is the change in texture 
or mineral make-up produced as material is lost from the boundaries 
of some crystals and added to others. In rodcs it is commonly 
believed to involve the solution (or fusion) of some crystals with 
the practically simultaneous growth of others There may, how- 
ever, be some recrystallization without the intervention of a liquid 
No matter how completely reorganized the rock may be, it is sup- 
posed to have been at all times a substantially solid rock mass with 
only minute fractions of the minerals in solution or in process of 
transformation at any one time Recrystallization occurs a little 
at a time and pervasively throughout the mass It is essentially 
constructive, and minerals are commonly enlarged or new ones are 
formed by it The new crystals may be of the same composition 
as the original or may be products of reaction. No change in the 
total composition of the rock is necessitated, but heat and water 
are so universal that some changes in hydration are common and 
more or less addition or loss of other materials is not rare 

Recrystallization is one of the most prominent of metamorphic 
processes, but the term is not synonymous with metamorphism 
The recrystallization that occurs at a late stage of magmatic action 
IS called deuteric, and the recrystallization of a freshly deposited 
sediment is called diagenetic, rather than metamorphic. 



PROCESSES OF METAMORPHISM 


217 


The factors favoring recrystallization are heat, water, and 
earlier or simultaneous deformation. Water is not an absolute 
requirement because experimental work on metals in the absence 
of water shows very great efEects at temperatures far below the 
melting point Nevertheless practically all rocks contain water, 
and it IS almost certain to be active if recrystallization occurs. 
There are several examples of metamorphism formerly attributed 
to dry reaction that are now known to result from water solution. 
Lime silicates may form in a sandy limestone by a reaction of the 
lime with introduced silica solutions at a temperature much lower 
than IS needed to make the quartz sand react with calcite. 

During recrystallization small grains disappear, and large 
grains grow larger. This is familiar in the common laboratory 
practice of boiling a fresh precipitate or letting it stand, to make 
It coarser-grained so that it will be caught on a filter paper. The 
process by which shales become phyllites and phyllites become 
schists is analogous 

Granulation — Granulation is the crushing of a rock under 
such conditions that no visible openings result The fine fractures 
extend through the minerals, distinguishing granulation from the 
coarser structures of faulting and jointing The grains may be 
reduced to thousands of fragments, but under a confining pressure 
the minute fragments do not lose their coherence, and the rock 
remains almost as strong as before * 

The factors favoring granulation are largely contrasted with 
those favoring recrystallization First and above all others, in- 
tense and rapidly applied stress is the dominant factor The time 
involved in the deformation must be short, for rocks seem to be 
deformed without granulation if the stress is moderate but pro- 
longed A confining pressure usually related to depth is also essen- 
tial Finally, the minerals of the rock deformed have a good deal 
to do with the matter, brittle, hard, insoluble minerals like quartz 

* There is still uncertainty as to the depth at which all openings in rocks 
are closed by flowage Rocks may yield abruptly causing earthquakes at very 
great depths, even if no openings can persist The zones of fracture and flow 
are not distinct, but at great depths there is more flowage and less fracturing 
than near the surface. 
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and feldspar are granulated more than soft minerals like gypsum 
A limestone may be granulated but recrystallizes so readily that 
the signs of granulation are soon almost lost 

In contrast to the conditions of batholithic roofs where rocks 
recrystallize, rocks are granulated in zones of shallow deformation 
farther from igneous intrusives Both processes may be charac- 
teristic of mountain folds, but the granulation is more prominent 
in the colder, shallower, and drier portions of the folded structure 
Granulation always reduces the gram sizes, forming successively 
mortar, augen, and mylonite structures The term cataclastic 
applies to some (See page 159 ) Commonly if there are grains 
of different colors, the rocks become banded by a flattening of each 
grain into a platy or lenticular aggregate 

A process of gliding, or deformation inside as well as between 
crystals, is best distinguished from granulation, but is seen mostly 
by microscopic work. Dr. Bruno Sander of Innsbruck, Austria, 
and his students believe that such pervasive deformation and rota- 
tion of grains can explain the crystallographic as well as dimen- 
sional orientation of crystals in a schist “ 

Chemical Changes in Metamorphism. — The clearest of all 
examples of chemical change in metamorphism is the injection of 
granite in thin layers along the cleavages of schist. Progressive 
additions result in a complete gradation from schist through 
gneisses to granite The magma being viscous may not be able 
to penetrate the small cleavage planes of a schist as far as the more 
fluid volatile emanations from the magma Van Hise has noted 
that in the Black Hills of Dakota the more remote dikelets grade 
into quartz veins ® This brings up the matter of contributions to 
a metamorphic rock which are derived from the nearby magma but 
are not actually the magma. In contact metamorphism such con- 
tributions may be important, but there is much less evidence of 
magmatic additions in regional metamorphism (page 215). 

The mineralizers, noted in the discussion of igneous rocks, have 
different effects according to the depths at which the igneous rocks 

' E B Knopf and E Ingerson . Structural Peti ology Geological So- 
ciety of America, Memoir 6, 1938, 

* Op cit , page 724, 1904. 
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solidify. At the surface mineralizers separate from lava flows to 
form vesicles in the tops of the flows and clouds of vapor rising 
from the volcanoes. At great depths where batholiths have tight 
covers, they form hydrous minerals and miarolitic cavities. The 
metamorphic effects of mineralizers are dominant in that broad 
zone of earth between the deep batholiths and the surface In 
that zone a magma injected from below finds pressure reduced so 
that gases separate from solution ^ The gases rise to the top and 
find the rocks only moderately tight — ^there are joints and pore 
spaces which permit the entrance of material. Furthermore at 
magmatic temperatures gases seem to be able to penetrate a rode 
even if the pores are sub-microscopic — the entrance is pervasive 
and affects the whole wall rock for a short distance 

This outline of the action of mineralizers in contact zones has 
not been agreed upon without long discussion English, German, 
and some American students of rocks believed that there was very 
slight migration of material. Harker described a contact of gran- 
ite magma on a basic flow, concluding that migration had not 
exceeded one-twentieth of an inch But the French and most 
American geologists found more evidence of chemical change, and 
in this group Professor Kemp has been a leader He demon- 
strated beyond question, by years of study of the garnet zones pro- 
duced by magmatic invasion of limestones, that a large amount of 
material was added from the magma.® The occurrence of some 
ores of copper and iron in the contact rocks gave the problem 
technical as well as scientific importance. The solution involved 
several steps 

In the first place it was necessary to show that the limestones, 
though impure at some places, had not been leached of their lime 
so as to leave a residue that could recrystallize to form garnet. 
This was done at Tamaulipas, Mexico, by Kemp, and at Morenci, 
Arizona, by Lindgren, careful analyses showing that the impurities 

^ C N Fenner Pneumatolytic Processes tn the Formation of Minerals and 
Ores Lindgren, Volume, A I M E, pages 58-106, 1933, discusses the 
evidence that magmatic emanations are gaseous, at least at first 

® J F Kemp Notes on Garnet Zones on the Contact of Intrusive Rocks 
and Limestones Canadian Mining Institute, Trans, volume 15, pages 171- 
186, 1912. 
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had not such a composition as to yield the garnet rock. This was 
the more impressive because the garnet is commonly andradite, the 
calcium-iron garnet, rather than grossulante, the aluminous garnet, 
which might form from shaly limestone. Such quantities of iron 
as are indicated by andradite and the associated iron-bearing ore 
minerals, could not be explained as impurities in limestone. “An- 
dradite” became a by-word in the argument about contact action 
At White Knob, Idaho, Professor Kemp also found evidences that 
aluminum had migrated with other metals and silica * 

In the second place it was necessary to show that the iron and 
other elements were not added by ordinary ground waters, heated 
by the intrusive to a point of vigorous circulation and chemical 
action This was clear at White Knob where a block of limestone 
enclosed in the granite was turned to garnet 

Where shale and other rocks occur near intrusive masses or 
included in them, they also show changes of composition proving 
migration over distances of many feet “ 

Metasomatism or Replacement — Replacement is a term used 
by petrographers in a rather technical sense, but, as it is also a 
term used popularly m a broader sense, the technical term meta- 
somatism IS preferable. Metasomatism or replacement is a prac- 
tically simultaneous solution and deposition through small openings, 
usually submicroscopic, and mainly by hypogene water solutions, 
by which a new mineral of partly or wholly differing composition 
may grow in the body of an old mineral or mineral aggregate The 
limitation to hypogene water solutions would exclude from meta- 
somatism some of the common pseudomorphs resulting from weath- 
ering and some rocks that a magma has replaced by assimilation 
The common examples of metasomatism in metamorphism are 
the recrystallization of clays to biotite schists, the contact effects, 
and the hydrothermal effects on the walls of veins There are also 
the replacements of limestone by iron ores, the formation of meta- 

® Op cit , p i8i 

i®J B Umpleby Geology and Ore Deposits of the Mackay Region, 
Idaho U S Geol Survey, Professional Paper 97, pages 40, 44, 59, and 71 

(1917) 

F F Grout Criteria of Origin of Inclusions tn Plutonic Rocks. Bull 
Geol Soc America, volume 48, page IS46, 1937 
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crysts in schists, and the common silicification of both limestones 
and shales Hydrothermal action typically propylitizes and seri- 
citizes the igneous rocks. This action has been studied chemically 
as well as mineralogically. Potash, sulphur, and water are added, 
soda, lime, and others are removed. It is very remarkable that 
with such important changes in chemical constituents the volume 
may remain almost constant. Some hydrothermal carbonation 
commonly follows contact action in a limestone 

The Results of Metamorphism — The results are the rocks 
described in the next chapter, including the minerals and structures 
that such rocks display. 

Field and Laboratory Methods. — The description of meta- 
morphic rocks involves little that is new in methods after the study 
of Igneous and sedimentary rocks Several minerals and textures 
that are rare in other groups are here prominent Some of the 
most complex rocks known fall in this group because they have not 
only relicts of the original complexity of the igneous or sedimentary 
source but the added structures and minerals of several grades of 
metamorphism. Field work should distinguish and map carefully 
not only the primary bedding or layers if recognized, but the 
newly developed metamorphic structures The “linear structures” 
noted in some igneous rocks are even more striking in metamorphic 
rocks and should invariably be mapped For research in meta- 
morphic rocks It may be necessary to mark specimens as collected 
so that laboratory work can be related to the dip, strike, and pitch 
in the field. 
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THE METAMORPHIC ROCKS 
The Rocks Produced by Regional Metamorphism 

Regional metamorphism has been briefly characterized (page 
) , and the processes have been described. The results of re- 
gional metamorphism are chiefly slates, schists, gneisses, quartzites, 
marbles, and silicate rocks related to marbles. These groups are 
best learned and distinguished by a study of labelled specimens 
At this point the student discovers the reason that igneous and 
sedimentary rocks are studied first, for the metamorphic rocks are 
all derived from the earlier classes, some by slight changes and 
others by more nearly complete change In other words meta- 
morphic rocks show transitions from the earlier classes, and be- 
come truly metamorphic only where the change has been so great 
that new minerals or textures appear. The class includes rocks of 
mixed origin also, in which changes in an original rock are accom- 
panied by large additions of precipitates or magma 

Most metamorphic rocks are foliated A foliate exhibits a 
parallelism of certain or all of its minerals In a sense the flow 
structures of lavas and the lamination of sediments are foliations, 
but the term is much more used for the secondary structures of 
slates, schists and gneisses Even the secondary foliation is of 
two kinds, one based largely on a parallelism of platy minerals, 
and the other on layers of granular material alternating with 
layers of different color, texture or minerals 

Slates 

Definition and Origin — A slate is a fine-grained rock with 
secondary cleavage independent of the bedding so that most of 
the cleavage pieces are like adjacent pieces The minerals are 
practically all too fine-grained to be recognized even by use of the 
pocket lens. 
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Nearly all slates result from the deep-seated deformation of 
clays and shales, but by definition the term is purely structural and 
some slates are derived from basalts and other rocks The lami- 
nation or banding of shales is commonly preserved crossing the 
cleavage in slates (Fig 8o). On the other hand, slates from 
basalts may have relicts of ellipsoids, amygdules, and other igneous 
features. After microscopic examination, it appears that most 
secondary cleavage is based on the parallelism of platy mineral 
grains. 

The processes by which clays develop parallel plates with in- 
creased gram sizes are still being discussed, and the older notions of 
growth along planes of shear or along planes formed by Battening 
under deformation are now supplemented by the ideas of rotation 
and internal gliding in the minerals (page 218). 

Flow cleavage^ is a rock cleavage parallel to mineral elonga- 
tion and mineral cleavage 
Fracture cleavage is di- 
rected by parallel frac- 
tures more or less healed 

Mtneralogtc Compost- 
tton, Varieties . — The 
cleaved surfaces of slate 
tend to be very smooth 
because of the fineness of 
grain, and a few which 
have especially good cleav- 
ages are quarried and used 
Only the best are of value 
Further metamorphism by 
recrystallization makes the 
surfaces rougher, and the 
luster of mineral cleavages 
more conspicuous By this 
process the slates grade 
through phyllites, still of very fine gram, to schists Slates 
may also show cross cleavage and joints (Fig. 79), perfect 

1 As defined by C. K Leith Structural Geology 1913, page 76 



Fig 79 — Linear schistosity at right angles to 
“cross joints" in green schist Saganaga 
Lake, Ontario 
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enough so that the rock breaks m pencil shapes rather than m 
large slabs. Most slate quarries also show curly slates where 
an early cleavage has been deformed Quartz veins or sandy 
and harder streaks in the original sediment commonly cause im- 
perfections in the cleavage It has been noted that in some 
quarries the available plates appear to become thicker in depth, 
as if the surface weathering had been a factor in developing the 
cleavages. Though commonly drab to black, slates may be red, 
green, or purple. Colors are most used as the basis of distinc- 



Fig 8o — Cleavage across bedding in a schist, Michigan iron i anges 
About natural size 


tion of varieties. In the varieties derived fiom sandy clay we 
may still detect sand grains and call the rock a sandy slate, but 
most such rocks are gray so that graywacke slates are common A 
few slates have so much lime as to be calcareous slates, and the 
colors indicate still other mineralogic varieties A black slate is 
usually a graphitic slate and a red one is a ferruginous slate 
Coarse pyrite may grow in a slate that is otherwise fine-grained, 
making a pyritic slate. Scattered crystals of silicates coarser than 
average grain may yield a “knotted slate.** These are so charac- 
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tenstic of contact zones, that the discovery of a knotted slate should 
lead to the search for an igneous contact. 

Common usage of the term slate is very confusing Coal 
miners use the name for shales that have not been visibly altered, 
and have no secondary cleavage On the other hand, geologists 
who find slates in a series of sediments of known origin, have a 
strong tendency to map the slates as sediments, ignoring their 
obviously metamorphic structure. Neither of these is to be rec- 
ommended 

Alteration — Slates are exceedingly resistant as is shown by 
their use in thin slabs for roofs, and they often crop out in prom- 
inent ledges or even peaks. They soften down to a clay in the last 
stages of weathering, but always on the outcrop are more tender 
than in depth, so that much dead work is unavoidable in opening 
quarries 

Distribution — Commercial production is chiefly from Penn- 
sylvania and Vermont, but workable deposits range from Maine to 
Virginia, and there are deposits farther from large markets in the 
Lake Superior region, in Colorado, and in the mountains west 
and south 

Schists 

Definition and Origin — Schist is a crystalline rock with a sec- 
ondary foliation or lamination, as a rule it is finer-grained than 
gneiss and coarser than slate and phyllite , its foliation is based on 
parallelism of platy or needle-like grains, and it rarely has abundant 
feldspar The name schist refers to the tendency to split along 
the foliation Any one of the layers is commonly of the same sort 
as the layers on each side No very sharp line can be drawn be- 
tween schists and gneisses. The student who reads French or 
German should note that the French “schiste” and German 
“Schiefer” include shales, slates, and schists indiscriminately, but 
the English term schist is for a metamorphic rock exclusively. 

The processes of formation of schists are in continuation or 
intensification of those forming slates (page 223). It is here m 
the study of schists that we find the most suggestions of zones of 
intensity of metamorphism. Clearly the rocks metamorphosed at 
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great depths differ from those at shallow depths, and some may 
be in a doubtful intermediate position. Grubenmann listed^ the 
minerals and rocks characteristic of three depth zones of meta- 
morphism, below the belt of weathering (Fig 8i) Roughly 
and irregularly, the deep or kata-zone is characterized by gneisses, 
the meso-zone by schists, and the shallow or epi-zone by phyllites. 
Some metamorphic minerals range widely, but sericite, talc, and 
chlorite form mostly in the epi-zone, and diopside, augite, andra- 
dite, pyrrhotite, and sillimanite form mostly in the katazone Van 
Hise distinguished only two zones below the belt of weathering 
( see page 213). Other petrographers have attempted to correlate 
a much larger number of facies with particular depths, temperatures 
and pressures, but the distinctions need further research and in- 
volve microscopic study. 

Mtneralogic Composition, Varieties. — The more important 
varieties of schist are named from the dominant ferromagnesian 
minerals in them, biotite-schist, muscovite-schist, hornblende-schist, 
a cttnoltte-schts. t. talc-schist, epidote-schist, graphite-schist, chlorite- 
schist, etc. These are the constituents which give the rocks their 
structure, but they are by no means invariably dominant. Many 
schists are dominated by quartz, carbonate, or even feldspar. 
These are inter-leaved with the platy minerals in almost any pro- 
portions. As quartz increases the quartzose schists grade to 
schistose quartzites. Some less common schists high in calcite or 
dolomite mark transitions to crystalline limestones They are 
calcareous schists. Green schist and greenstone schist are com- 
monly colored by chlorite and epidote, but the term greenstone, 
when used alone, is vague, not distinguishing an igneous rock with 
slight alteration from a thoroughly altered schist. 

The gram-size m schists ranges widely and coarse schists re- 
semble gneisses except that they commonly show little feldspar. 
Fine schists grade through phyllites to slates. The phyllites are so 
fine that grains are hardly distinguishable, but the aggregate of 
shining scales may indicate a mica. If this is nearly white fine 
muscovite, the rock is commonly called a sencite-schist. “Hydro- 

* U Grubenmann and P Niggh Du Gesteinsmetamorphose Die kris- 
tallinen Schiefer, 3d ed , 1924, pages 398-9 



Fig 8 1 — Diagram of zones of formation and stability of common metamorphic minerals, from the data of Grubenmann 


SCHISTS 

















228 


THE METAMORPHIC ROCKS 


mica schist” is an old name used for such rocks in the eastern 
states They may result from shales, arkose sands, or aphanitic 
siliceous Igneous rocks 

European geologists are dividing the rocks long known as phyllites into 
two groups, one resulting from recrystallization of fine-grained rocks, and the 
other more largely from shearing, granulation, or crushing Since the crush- 
ing IS in part analogous to mylonitization (page 236), phyllites of this origin 
are called phyllomtes 

Mica-schists result from the thorough metamorphism or re- 
crystallization of sandstones, shales, and clays, and also from the 
crushing and excessive shearing of igneous rocks, granitoid, and 
porphyntic alike A possible origin from ancient volcanic tuffs 
IS always to be considered in the study of a district, but the origin 
IS commonly obscure and a subject for chemical and microscopical 
investigation Certain schists from igneous rocks may have feld- 
spars in noteworthy amounts and in this respect resemble gneisses 
The distinction of schist and gneiss in such cases depends on a 
banding or the development of layers differing mineralogically 
In the absence of such layers the rock may be called schist even if 
feldspar remains If the feldspar is still in phenocrysts after the 
groundmass is schistose such terms as schistose rhyolite-porphyry 
or schistose basalt-porphyry mi.y he usedi (Fig 82 {h)) Further 
deformation destroys even the phenocrysts, yielding sencite schist 
and phyllite 

The deformation of such rocks with original phenocrysts pro- 
duces rocks called (Fig 82 {b)) A very differ- 

ent texture results from the growth in a schist of new minerals in 
grains notably larger than the rest, these large grains are porphyro- 
blasts (or metacrysts as distinct from phenocrysts), and the rock 
is a porphyroblastic schist The minerals that commonly grow 
large this way, m surprisingly perfect crystals unless later de- 
formed, include garnet, staurolite (Fig 82 (a) ), kyanite, tourma- 
line, pyrite, magnetite, and ottrelite, less commonly biotite, feld- 
spar and others The garnet, staurolite, and aluminum silicates 
strongly indicate derivation from an original clay The feldspar 
metacrysts may be added by magmatic emanations (Fig. 83), but 
some result from recrystallization without addition. 
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(i) 


Fig 8a. — Coarse crystals in schist About natural size, (a) Porphyroblastic garnet 
(and staurolite) in muscovite schist, Roxbury, Connecticut {b) Relics of pheno- 
crysts of plagioclase as augen in green schist, Rainy Lake 
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In contrast with the mica-schists from sediments and acidic ig- 
neous rocks, hornblende-schist, chlorite-schist, and epidote-schist 
are mostly derived from basic igneous rocks or tuffs, or the rare 
sediments that are derived from basic rocks. Hornblen de s chists 
in which the hornblende needles are not well oriented are called 
amphibolites, a term that includes both schists and massive rocks 
Some amphibolites are igneous segregations, others are metamor- 



Fic 83 — Metacrysts in schist, evidently added from the granite intruded, near by 
(at left of picture) Giants Range, Minnesota 


phosed Igneous rocks and still others are derived from sediments, 
by contact or regional metamorphism The origin in any particular 
exposure is determined with difficulty The rarer glaucophane- 
schtst with a bluish gray amphibole is said to be of sedimentary 
origin Talc-schtsts in America are largely derived from perido- 
tites and pyroxenites. Eclogtte, though rare m America, is a 
garnet-pyroxene rock, commonly considered the metamorphic deep- 
seated equivalent of basalt , but the pyroxene is pale green so that 
It looks more like actinolite than augite 
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Schists of mixed mineralogic type are common, and may be 
named from either prominent mineral, or from both. There are 
hornblende-biotite-schists, and garnetiferous chlorite-schists, etc. 

Alteratton — Schists as a group result from recrystallization. 
Once formed they may prove to be fairly stable, but none are 
wholly immune from further change by several kinds of alteration 
Clays which form at the surface may be altered at successively 
greater depths to phyllite and schist There may finally be an 
alteration of a deep zone schist by deformation m a shallow zone 
This is “retrograde” metamorphism, on the idea that “high grade” 
metamorphism results from high temperature and pressure which 
are characteristic of the deep zone The retrograde changes in 
specific minerals are noteworthy Augite, reaching progressively 
shallower zones, may yield hornblende, then biotite, and later 
chlorite. Garnet also yields chlorite at shallow depths. Highly 
magnesian silicates yield talc Feldspars give muscovite and seri- 
cite These all reverse the normal sequence of mineral changes 
that result from the deep burial of common sediments 

Most of the schists, especially those with prominent hornblende 
or chlorite, resist weathering very well, and form prominent out- 
crops Those with abundant pyrite or iron carbonate rapidly turn 
soft and rusty 

Dtstnbuhon — Schists form vast areas in all the basement 
complex, or old Shield areas, and are even more prominent in 
the folded mountain regions Chlorite-schists are quarried and 
crushed to supply green granules to coat tar-paper roofing, in 
several states in the Lake Superior region Glaucophane-schist 
makes prominent formations in the Coast Range in California. 
Graphite-schists have enough graphite to have been commercially 
produced in several states, and an altered coal bed in Mexico is a 
large producer Talc-schists are common along the Appalachian 
Mountains, and talc is produced at several places 

Gneisses 

Introductory — Gneiss is an old word which originated among 
the early German miners in the Saxon districts It was especially 
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applied by them to laminated rocks of the mineralogical composi- 
tion of granite, and in this sense it is widely employed today But 
there are many important gneisses which correspond m mineralogy 
to the other plutonic rocks, and which are just as properly desig- 
nated by this name We may therefore define gneiss as a mega- 
scopically crystalline rock with a secondary crude foliation, devel- 



Fig 84 — Dionte gneiss, Mt Diablo, California About natural size 
Courtesy of the McGraw-Hill Book Company 


oped in bands which are commonly different from those on either 
side, and nearly always with a mineral composition corresponding 
to some granitoid igneous rock In most gneisses feldspar is 
prominent, and it is customary to let abundant megascopic feldspar 
distinguish gneisses from schists (Fig 84) Gneisses, however, 
grade into schists by imperceptible steps On the other hand, 
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gneisses pass equally gradually into granitoid igneous rodcs In 
both cases the dividing line is arbitrary This definition excludes 
the gneissoid igneous rocks sometimes called “primary gneisses,” 



Fig 8s — A pegmatite dike cutting biotite schist and injecting it lit-par-ht About 
natural size Courtesy of the McGraw-Hill Book Company 



Fig 86 — Banded, lit-par-lit injection gneiss Saganaga Lake, Ontario 
Courtesy of the McGraw-Hill Book Company 
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but includes those original igneous rocks which have developed foli- 
ation by shearing and those schists that have been injected in layers 
by Igneous rock — ltt~par-ltt injection gneisses (Figs 85 and 86). 

The distinction of gneissoid igneous rocks from gneisses meta- 
morphic by granulation or injection is complicated by the fact that 
some batholithic invasions are prolonged over extended periods 
which alternate with deformation periods After some magma 
is emplaced, and only partly cooled, later supplies of magma invade 
and deform the first rock, which is still hot enough to yield readily, 
giving It a gneissic structure, or even injecting it along flow layers. 
The second mass may then be invaded by a third, and so on up to 
seven or eight invasions from the same or a closely related source 
of supply Each is deformed by pressure before the next arrives 
or at the time the next crowds its way in, so that only the last facies, 
usually pegmatitic or aplitic, is free from deformation.® It is very 

difficult to tell such gneisses 
from those of later injec- 
tion or deformation. 

Mmeralogtc Composi- 
tion, Varieties. — Aside 
from the feldspars and 
common minerals of gran- 
itoid rocks, the gneisses 
have a few metamorphic 
minerals including garnet, 
epidote, and even tourma- 
line, graphite, and silliman- 
ite Gneisses derived from 

Fio 87 — Conglomerate gneiss, Ensign Lake, igneous rocks show a SUC- 
Minnesota ® r r 

cession of mane minerals — 
olivine to serpentine, augite to hornblende to biotite and rarely to 
chlorite This sequence is related to deforniation at progressively 
shallower depths, and is analogous to the retrograde metamorphism 
noted m schists, but since this may be the first metamorphism to 
affect the igneous rock, it is not called retrograde , it is a metamor- 
phism of the epizone or mesozone (Fig 8 1 ) . 

® J Barrell Relattons of Igneous Invasion to Regional Metamorphtsm 
American Journal of Science, volume i, pages 259-267, 1921 
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Varieties of gneiss are best named by prefixing to the word 
gneiss the name of the granitoid igneous rock with the same min- 
erals, thus gramte-gneiss, syemte-gnetss, gabbro-gneiss, etc * There 
IS a strong tendency also to name such rocks from their original 
condition, if it can be determined, but the determination is usually 
a matter for microscopic study. A few gneisses can be recognized 
as derived from sediments, and are named from them, quartzite- 
gneiss, and conglomerate-gneiss (Fig. 87) 



Fig 88 — Augen gneiss, South America About two-thirds natural size 


A further series of variety terms are based on structures 
Augen-gneisses (Fig 88) have resulted from partial granulation 
of a coarse or porphyritic igneous rock leaving some remnants of 
the coarse grains, commonly feldspar, only partially affected — 

^ These terms are commonly used without any implication of origin, but 
simply to indicate the minerals C H Gordon suggested in the Bulletin of the 
Geological Society of America, volume VII, page 122, that these terms be re- 
stricted to rocks known to be dynamic derivatives of the corresponding massive 
rock, reserving granitic gneiss, syenitic gneiss, etc , for those the origin of which 
is unknown The suggestion had some advocates but is not widely followed 
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lenses in a matrix so far crushed as to be almost schistose Since 
these lenses are shaped like eyes the German word Augen, for eyes, 
gives the name of the variety. Further crushing leaves little traces 
of the original coarse gram and the fine banded rock is a mylomte “ 

Finally there are a large group of mjectton gneisses, resulting 
from the injection of thin dikes of igneous rocks along the cleavage 
planes of schist, or possibly in some cases along bedding planes of 
shale These are very wide-spread and much more important than 
was realized in the early days of rock study Lit-par-ht injection 
gneisses may form a high proportion of all our gneisses They 
are mixed rocks, partly schists and partly igneous, but are classed 
as metamorphic because the cleavage which guided injection is a 
metamorphic structure In the field, some of the intrusive rock, 
commonly granite, may be in wide dikes, but specimens for labora- 
tory illustration are necessarily small enough to show dikes in hand 
specimens (Figs. 85 and 86). 

Sederholm has proposed a series of terms for various mixed 
rocks, and the term “migmatite” for the whole group. Migma- 
tites include gneisses, breccias, contaminated rocks, and others. 

Much less satisfactory variety names for gneisses use minera- 
logic prefixes, hornblende-gneiss, biotite-gneiss, chlorite-gneiss, gar- 
net-gneiss, sillimanite-gneiss, epidote-gneiss, etc. It is evident at 
once that these names are very incomplete, telling nothing of the 
nature of the feldspar or other minerals It is rarely that gneisses 
are met in which the feldspar cannot be estimated, but when they 
are met, such terms may be needed Many of the rocks in which 
the mafic mineral is about the only mineral that is recognized, are 
best classed as schists 

Two special varieties are noteworthy, the eclogites are garnet- 
pyroxene rocks which were mentioned as schists but commonly as- 
sociated with gneisses, and the granuhtes may be fine-grained light- 
colored gneisses with garnet, feldspar, and pyroxene , but granuhtes 

® Mylomte is a term used very differently by different students of rocks 
The original suggestion referred to a banded feldspathic rock related to gneisses , 
but the fact that it had been granulated led to the application of the term to 
fault breccias or friction breccias Mylonites are granulated at such depths 
that they do not lose coherence as breccias do Shand includes under mylonites 
“flinty crush rocks,” and some with augen 
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are better described by other terms because that term has been so 
perverted by loose usage that it is practically valueless unless 
accompanied by an explanation 

Alteration — The alteration of gneisses is similar in all re- 
spects to that of the corresponding igneous rocks The feldspars 
alter to kaolinite, the micas and hornblende to chlorite and the 
rock softens down to loose aggregates that contribute heavily to 
the sedimentary rocks 

Distribution — Gneisses are abundant in ancient, geological 
formations The early Archean is their especial home, and they 
form the largest part of its vast areas in Canada, around the Great 
Lakes, along the Appalachians and in the Cordilleran region But 
no single division of geological time monopolizes them There 
are Cambrian and Carboniferous gneisses in New England, and 
dynamic metamorphism may produce them from massive rocks of 
almost any age The later geological formations, however, have 
seldom been buried sufficiently deep to be in favorable situations 
Much the same holds true of Europe and the rest of the world 
The gray and red gneisses of the mining districts about Freiberg, 
in Saxony, those of the Highlands of Scotland, those in Scandinavia, 
and the wonderful exhibitions of dynamic metamorphism in the 
Alps are to be cited as of unusual historic and scientific interest 

Quartzites 

The quartzites are metamorphosed sandstones, and differ from 
the latter principally in their greater hardness, and to a certain 
extent in their fairly pronounced crystalline character. These 
qualities result from an abundant siliceous cement which is crystal- 
line quartz, and which is commonly deposited around the grains of 
the original sandstone, enlarging the quartz grains so that they 
are interlocked with adjoining grains Where the original sand- 
stone was argillaceous, the resulting quartzite contains mica, and 
with increase of the mica, such quartzites pass through schistose 
quartzite and quartz-schist into mica-schists Pebbly quartzite and 
conglomerate quartzite result from pebbly sands and conglomerate 
respectively. The whole series of gram sizes in sands from very 
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coarse to very fine (page 152) are inherited by quartzites and 
furnish varietal prefixes Slaty quartzite and gnetsstc quartzite 
indicate gradations to slate and gneiss respectively. There is no 
sharp break between quartzites and sandstones, and whereas the 
extremes of soft sandstones and hard quartzites are very different, 
the determination of intermediate rocks is more or less arbitrary. 
It is customary to call a rock quartzite where the cement is so 
firm that the rock breaks through the sand grains instead of 
around them. Particular minerals may be used to name varieties 
Arkose quartzites or arkosites carry notable amounts of pink or 
white feldspar Graywacke quartzite is derived from graywacke 
sand. 

Varieties named by color are chiefly the red quartzites which 
are ferrugi nous q uartzite s ^ and the white quartzites which are al- 
most free from iron oxides. A rare quartzite with many flakes 
of specular hematite is called itabirite. Much of the ferruginous 
chert of the Lake Superior iron-ranges, jaspilite and taconite, is 
somewhat metamorphosed to quartz and specularite, but no new 
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Fig 89 — Crumpled ferruginous chert, Rainy Lake 
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names are commonly applied (Fig. 89). A common product is 
“amphtbole-magneMe rock " 

Quartzites occur in practically all extensive series of meta- 
morphosed sediments, especially in the pre-Cambnan. They are 
common in the Appalachian metamorphic belt, in the region north 
of Lake Huron, around Lake Superior, and in many areas in 
western states and Alaska 

The Marbles and Dolomite Marbles 

The marbles and dolomite marbles are metamorphosed equiva- 
lents of the limestones already described The chief change is a 
recrystallization, making a rock more coarsely crystalline than most 
limestones The dolomite 
marbles may be largely 
formed from dolomite lime- 
stones, but some magnesia 
may be added during meta- 
morphism. Dolomite is more 
difficult to distinguish from 
calcite after metamorphism 
than before, but the test with 
dilute acid shows that dolo- 
mite effervesces only feebly 
unless the acid is hot 

The common accompani- 
ment of deforming forces 
during recrystallization, is in- 
dicated by the fact that most 
marbles have only the crudest 
traces of greatly deformed or- 
ganic structures Bedding is 
also commonly contorted if 
not obliterated (Fig 90). A secondary banding of serpen- 
tine and other minerals in streaks is common, and the rocks are 
said to be “marbled ” There are brecciated marbles, but slaty 
and schistose varieties are very rare, in spite of the known 
deformation 



Fig 90 — Highly folded marble, with more 
bedding than is common Vermont 



240 


THE METAMORPHIC ROCKS 


Carbonaceous matter in the original limy deposit affords 
graphite marble with dark grains or streaks after metamorphism 
Numerous color varieties are the result of mixtures of bituminous 
and ferruginous material, but the common green marble is colored 
by serpentine, “Verde antique.” Ophicalcites have serpentine in 
spots rather than streaks in the carbonate rock. If the original 
limestone was impure with silica, alumina, and iron oxides, various 
limy or magnesian silicates result from their metamorphism. In 
altered dolomites the magnesian silicates form before the lime 
combines, and we have not only serpentine marble but tremolite 
marble, diopside marble, phlogopite marble, talcose marble, and 
even garnet marble. Large marble quarries show borders and 
streaks rich in these minerals where the original limestone graded 
into shales or sandstones. For ornamental marble the occurrence 
of hard silicates is very injurious, making the rock difficult to cut 
and polish. 

Most marbles form more or less extensive strata in the midst 
of other metamorphic rocks, commonly slates, phyllites, schists and 
quartzites Thin beds of no great value may be thickened to 
form commercial deposits at the crests and troughs of folds 

Crystalline limestones are soluble rocks and weather with com- 
parative facility. Where they occur m metamorphic belts, they 
are invariably in the valleys, and are potent factors in determining 
the direction of the drainage lines Where exposed for long 
periods they afford a coarse, crumbling sand or gravel, that is much 
used for roads on the borders of the Adirondacks and in western 
New England. The final stage is a mantle of residual red clay 
from which the calcareous material has been largely leached 

The marbles are common in our metamorphic districts In the 
Appalachian belt they are of great areal and economic importance 
and are largely quarried in Vermont, Massachusetts, New York, 
Pennsylvania, and Georgia In western Colorado they are strongly 
developed and in the Sierras of California the same is true, Inyo 
County being a rather large producer of marble The foreign 
mountainous and metamorphic districts exhibit enormous exposures 
The great series of ranges which begin in the Pyrenees and extend 
through the Alps and the Carpathians to the Himalaya, have many 
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famous quarries and ledges. The “Dolomites” in the Tyrolese 
Alps IS a district of especial richness The Carrara marble of the 
Appenines, the Pentelic of Greece, and the colored varieties from 
Northern Africa, are widely known. 

Serpentuutes, Soapstones, and Related Silicate Rocks 

The marbles with silicates are transitional to silicate rocks 
which have too little carbonate to be classed as marble. If the 
original limestones had too little lime and magnesia to combine 
with all the silica, or if they lost the lime and magnesia during 
metamorphism, they might produce serpentine rock (serpentimte) , 
soapstone, garnet rock, amphibolite, and others * Not all of these 
silicate rocks are derived from impure limestone, but they may well 
be listed here with those that are 

The serpentinites are green to red aggregates of scales, fibers, 
or massive individuals of the mineral serpentine. They display 
considerable variety of texture according to the characters of these 
components. Other minerals are not especially prominent. Grains 
of chromite or magnetite may be detected and garnets of the va- 
riety, pyrope, are noteworthy in some of them. Veinlets of calcite 
or of magnesian carbonates ramify through the rock in many expo- 
sures Remains of the original olivine, pyroxene, or hornblende 
from which the serpentine has been derived are abundant, and bio- 
tite or some magnesian mica is not uncommon The varieties of the 
mineral serpentine are numerous, but many of them are too rare 
to be important rock-makers. Most serpentinites have been 
formed by the alteration of basic igneous rocks, among which the 
pyroxemtes and peridotites are the chief contributors Horn- 
blende schists also yield them and G F Becker has recorded the 
remarkable case of sandstones that pass into them in the Coast 
Ranges of California 

Soapstones, called also steatites, are chiefly talc Quartz vein- 
lets run through many such rocks and scattered grains of quartz 
are common. Magnesian carbonates are likewise evident in many 
exposures In the case of the Gouverneur beds of talc, C H 

* Epidosite, gametite, and jade are in this group 



242 


THE METAMORPHIC ROCKS 


Smyth has shown that the talc replaces tremohte and enstatite 
The original magnesian rocks of most of the soapstones m America 
are probably basic mtrusives low in iron oxides, but some talc 
rocks, especially in Europe, are formed from siliceous dolomites 
The soapstones are not particularly abundant rocks but are of 
economic value where met. They are close relatives of the talc- 
schists earlier cited 

The serpentmous rocks themselves are thoroughly altered deriv- 
atives from fresher anhydrous ones and m their further decomposi- 
tion simply soften to incoherent earths. The more resistant in- 
cluded minerals are thus set free, and in the case of platinum and 
garnets they may be concentrated in gravel 

The serpentmites are scattered in the Appalachian metamorphic 
belt and those on Staten Island are noteworthy They are formed 
from basic rocks in eastern Pennsylvania, Maryland, North Caro- 
lina, and Georgia. A few are reported from the Lake Superior 
region and there are many in the Coast ranges along the Pacific 
coast. They are likewise common abroad, and in a minor capacity 
appear in many metamorphic districts Soapstone is much less 
common, but is met in this country as a subordinate member in 
much the same regions as the serpentines and crystalline dolomites 
Amphibolites as products of metamorphism of limestones are well- 
known In the Hahburton-Bancroft area of Ontario These and 
garnet-rocks are prominent in contact zones. 



CHAPTER XI 

THE METAMORPHIC ROCKS, Continued 

The Rocks Produced by Contact Metamorphism. 

Hydrothermally Altered Rocks 

Contact Rocks 

Contact action results m a great variety of rocks, depending 
not only on the original, but on the forces and agents involved. 
Many of the rocks are not distinguishable from those produced by 
regional metamorphism, namely, slates, schists, gneisses, quartzites, 
and marbles There is little doubt that these contact rocks were 
subject to deforming stresses as well as heat from the intruding 
magma A general survey of districts in which contact rocks have 
been described ^ indicates that very few basaltic or gabbroic magmas 
are intruded with any pervasive deformation of their walls, but 
that probably over three-fourths of the granite batholiths deform 
their walls producing schists 

Since there are many more large bodies of granite than of 
gabbro the common contact rocks are schists and injection gneisses 
The gradation or transition from igneous rock through gneisses to 
schists has already been described (pages 233 and 236), and the 
gneisses may be considered contact rocks, but here the contact 
effects grade into regional effects so that it is difficult to distin- 
guish them The schists may be derived from either clay sedi- 
ments or igneous originals. The knotted slates in contact zones 
have been noted (pages 224 and 225) 

The sandstones and limestones are changed by contact action 
to quartzites and marbles in most respects analogous to those 
resulting from regional metamorphism Pure limestone may form 

^ F F Grout Contact Metamorphtsm of the Slates of Minnesota by 
Granite and by Gabbro Magmas Bulletin of the Geological Society of 
America, volume 44, pages 989-1040, 1933 
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wide zones of marble, commonly whiter than the original gray 
limestone. Locally near the igneous rock, the marbles may re- 
ceive abundant additions and form garnet zones and other silicate 
rocks (pages 218 to 220). Andradite, epidote, diopside, am- 
phiboles, and vesuvianite are especially characteristic Near St. 
John, New Brunswick, for example, granite has penetrated an 
ancient limestone and developed a garnet zone with some pyroxene. 
A series of such contacts can be found along the mountains south 
from New Brunswick to New Jersey or farther In western 
states there are important copper ores in such contact zones Thus 
in the Seven Devils district, m western Idaho, bornite occurs be- 
tween diorite and white marble, and is mixed with epidote and 
garnet as in most contact limestones Professor Kemp has de- 
scribed a similar contact at Tamaulipas, Mexico A very care- 
fully studied contact deposit is that at Bingham, Utah, in which 
a sandy limestone was the original sediment A question arose as 
to whether the silicates in the metamorphic rock resulted from the 
reaction of original sand with the lime Winchell by microscopic 
study found that the altered rock had sand grains of about the 
same size and abundance as the original sediment,^ indicating that 
the silicates resulted from the reaction of calcite with siliceous 
magmatic emanations rather than with sand 

Abroad, the region around Christiania in Norway is a classic 
ground for these phenomena, and a great contact of diorite on 
Tnassic limestone in the Tyrolese Alps has produced chaiacteristic 
zones on a large scale The lava flows and ejected bombs of 
Vesuvius include some limestone fragments from underground wall 
locks, and they exhibit zones somewhat like the larger occurrences 
Vesuvianite, in fact, received its name fiom this association 

Nearly all these contact rocks in marble are bunchy local 
masses not over a few hundred feet across, contrasting sharply with 
the extensive areas of regionally metamorphic rocks 

The effects of basic magmas on shales, lava flows, and a variety 
of fine-grained rocks are notably different from those of most 

® A N Winchell Petrographic Studies of Limestone Alteration at Bing- 
ham American Institute of Mining and Metallurgical Engineers, Trans, 
volume 70, page 884, 1924 
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granites, though a few granite intrusives, ladcing the stresses that 
are involved in making schists and gneisses, give results resembling 
those near gabbros. The rocks in such circiimstances recrystallize 
with a variety of minerals all tending to grow at the same time, 
and with no stress to orient them or give a rock cleavage. The 
result Is a hornfels. 

The term hornfels is used by some for a cherty-looking sllicilied 
shale produced by contact action. 

Most hornfels is a contact rock with “sugary” texture, grains 
about the size of those in granulated sugar. More technically the 
texture is granulitic (or decussate or finely granoblastic) rather 
finer than granitoid, and without schistosity. If such contact action 
attacks a schist, that rock loses its schistosity. 

The hornfelses are derived from a great variety of original 
rocks and may receive additions as emanations from a variety of 
magmas. They have therefore a very large number of mlneral- 
ogic varieties, most of them 
named by prefixing some min- 
eral term or terms to the name 
hornfels. The minerals, how- 
ever, are so fine that few are 
identified without a microscope. 

Most hornfelses are gray, and 
have feldspars, biotite, and 
other mafic minerals along with 
the characteristic metamorphic 
minerals. Texturally most 
hornfels is even-grained but 
there are some rocks with 
sugary groundmass and por- 
phyroblasts of cordierlte, andalusite, or others (Fig. 9^)" Many 
hornfelses are derived from clays because clays are by far the most 
abundant of sediments. It must therefore be expected that the 
hornfels minerals include aluminous silicates and even spinel and 
corundum. 

Contact action may show a series of zones of different intensi- 
ties of effect. These can be best understood by a description of 
certain classic localities. 



Fig. 91. — Hornfels with porphyroblasts of 
andalusite. Contact of Bushveld no- 
rite, South Africa. 
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At a famous American locality in the Crawford Notch of the 
White Mountains, on the slopes of Mt Willard and not far from 
the Crawford House, the granite has penetrated an argillitic mica 
schist. G W. Hawes in i88i established the following seven 
zones* I. The argillitic mica schist (chloritic) , 2 Mica schist 
(biotitic) ; 3 Tourmaline hornfels, 4 Tourmaline veinstone (a 
small contact band, rich in tourmaline) , 5 Mixed schists and 
granite, 6. Granite porphyry (biotitic) ; 7 Granite (hornblendic) 
This is one of the most complete and best-exposed contacts known ® 
The succession illustrates the alteration of chlorite to biotite by 
the granite, and then near the contact the development of tourma- 
line from the boraac and fluoric emanations from granite magma 
On the southeast corner of Conanicut Island, in Narragansett 
Bay, granite has penetrated Carboniferous shales, as described by 
L. V. Pirsson,* and has baked them to compact hornfels near the 
contact. The shales grade into knotted slate m which are minute 
porphyroblasts, but closer to the granite the rock is a hornfels 
The contact effects next to gabbros may show a similar series 
of spotted slates and hornfelses and mixed rocks North of the 
Duluth gabbro, the first change noted in the slates is a slightly 
coarser grain and added tourmaline , closer to the gabbro the horn- 
fels is recrystallized to minerals corresponding to those in the 
gabbro, and there is locally a zone of mixed hornfels and gabbro 
Of the remaining members of the grand division of the sedi- 
mentary rocks, the carbonaceous locks are the principal ones de- 
serving mention Coal seams of the normal bituminous vaiiety 
have been cut in not a few places by igneous dikes, and display in 
a marked degree the effects of metamorphism. The volatile hy- 
drocarbons have been driven off and the coal has become an impure 
coke, where diabase dikes cut the Triassic coal basins of Virginia 
and North Carolina, and where basalt intrusions cut the coal beds 
near Puget Sound. In Colorado and New Mexico, the near ap- 
proach of an igneous sheet has brought about the formation of 

* Hawes’ paper is m the American Journal of Science, volume 21, pages 
21-32, 1881 

* L V Pirsson On the Geology and Petrography of Conanicut Island, 
R I American Journal of Science, volume 46, page 363, 1893 
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anthracite, and in fact all grades of coal can be detected from 
rich bituminous to hard anthracite, according to the nearness of 
the dike or laccolith. In Mexico coal near an igneous intrusion 
has been turned to commercial graphite. 

Reference may also be made to the hills of soft magnetite, near 
Cornwall, Pa , where a great dike of diabase has apparently caused 
the replacement of calcareous shales with pyritous magnetite. 

Where intrusions cut other igneous or metamorphic rocks the 
effects are much less apparent, because the walls are resistant to 
change, being themselves already crystalline. 

Remarkable cases of contact metamorphism are, however, cer- 
tainly caused by pegmatitic dikes. As rocks they are not especially 
abundant, although of great scientific interest Some intrusions 
have emitted copious emanations of fluorine and boron in conjunc- 
tion with superheated steam These vigorous reagents have at- 
tacked the wall rocks, when originally formed of crystalline sili- 
cates, making them porous and cellular from the destruction of 
feldspars, and have often caused the crystallization of quartz, 
tourmaline, topaz, micas, fluorite, apatite, cassiterite and other 
characteristic minerals, some of which are of economic importance 
Such metamorphic products when essentially consisting of quartz 
and mica are called grexsen Tourmaline granites likewise result 
It IS not to be overlooked, however, that mineralizers have also 
played a large part in the cases earlier cited, nor should the remark 
be omitted in conclusion that they and similar agents have been of 
very great importance in the formation of ores 

The Hydrothermally Altered Rocks 

Mineral veins are deposited largely by hot waters and the same 
waters that fill fractures with minerals they carried in solution, 
attack the minerals of their walls producing a characteristic group 
of secondary minerals These are listed in the second column of 
Table VIII, page 13 1, rather than separately here, to emphasize 
the fact that not all kinds of alteration are to be called weathering. 
The most common are chlorite, epidote, sericite, calcite, pyrite, and 
zeolites, with talc and serpentine fairly common. These with cal- 
cite and quartz which are almost universal, should suggest to any 
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student of rocks that hot waters have been active. To be sure 
hot waters may be active and produce these minerals in regional 
and contact metamorphism also, but these minerals are not really 
characteristic of contact rocks or the deeper-seated regional meta- 
morphic rocks. The shallow or moderate-temperature regional 
products are schists, and the hydrothermal rocks in the walls of 
vems are only rarely and accidentally schists. The hydrothermal 
rocks therefore constitute a distinguishable though very small 
group. 

The chief varieties of hydrothermal rock are propyhte, formed 
by hot water attack on aphanites of the andesite clan, and the 
similar greenstones derived from basalts. The mafic minerals have 
turned to green chlorite, serpentine, epidote and others, giving 
the rocks a noteworthy green color, but in the absence of deforming 
stress they are not green schists 

Further alteration may replace the green silicates with sencite, 
and sencite forms by similar action on the more acidic igneous 
rocks. We thus commonly consider propylitization an early stage 
and sericitization a more advanced stage of hydrothermal attack. 
A final stage may replace both by quartz or by carbonate, and 
sulphide ores 

Some other rocks may be attributed to similar hot water effects, 
but cannot be sharply distinguished from contact or autometamor- 
phic effects ; gretsen and tourmaline granite are considered by some 
as hydrothermal, and by others (page 247) as contact rocks formed 
at temperatures supposed to be higher than those of hot waters. 

The mineralogic effects have been studied by Butler,® who sug- 
gests an extension of Bowen’s reaction series (page 38) beyond 
the usual igneous and deutenc reactions, without a break, into 
hydrothermal reactions, with possibly some overlap. Chlorite and 
sencite probably indicate that the really igneous stage is past and 
hydrothermal reaction has begun 

The chemical effects on igneous rocks have been summarized by 
Schwartz * 

® B S Butler Influence of Replaced Rock or Replacement Minerals As- 
sociated with Ore Deposits Economic Geology, volume 27, page 4, 1932 

* G M Schwartz Hydrothermal Alteration of Igneous Rock Bull. 
Geoloogical Society of America, volume 50, pages 181-238, 1939. 



CHAPTER XII 

SUMMARIES OF METAMORPHIC ROCKS 
The Determination of Metamorphic Rocks 

Typical gneiss, schist, slate, quartzite, and marble are recog- 
nized at sight by those who have seen samples before. Rare and 
intermediate varieties, and the hornfelses and hydrothermal rocks 
need careful attention, and it may be necessary to refer some to 
workers with the microscope. 

The distinction of gneissoid igneous rocks from gneisses of 
later deformation and from injection gneisses is very difficult. In 
the field the igneous rocks that are gneissoid commonly have as- 
sociated late pegmatites and aplites which are not gneissic, and 
these serve to indicate a lack of metamorphism. In the laboratory 
where such associated dikes are not seen, certain differences are 
suggestive but not really dependable Igneous flow may orient 
hornblende and other elongate minerals without in any way de- 
forming the crystals. If on the contrary the crystals are pinched 
into augen or smeared into streaks it is probable that they resulted 
from later metamorphism See Fig i8. The injection gneisses 
commonly show almost massive bands alternating with schist. 

The dividing line between schist and gneiss is arbitrary and 
expert students may disagree Where feldspar is visible in hand 
specimens, the rocks are best classified as gneisses The distinction 
of limestone and marble is equally arbitrary, but the deformation 
of fossils IS a good guide, if they can be seen Sandstones break 
around the sand grains and quartzites break as easily across the 
grains as around them The magnesian rocks are characterized 
by a soapy feel which aids in their recognition A spotted medium- 
grained ophicalcite may look in hand specimen much like a dionte, 
but the calcite and serpentine are softer than the plagioclase and 
hornblende. 
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To distinguish a cherty-looking hornfels from a true chert, it 
IS likely that the hornfels will have a color banding inherited from 
the sedimentary lamination of the shale original 

To distinguish metamorphic from igneous textures is especially 
difficult where large crystals lie in a finer groundmass. 

PHENOCRYSTS METACRYSTS, OR PORPHYROBLASTS 

Minerals: quartz, feldspars, horn* Mmerals garnet, staurohte, ottre- 
blende, augite, olivme, biotite. lite, kyanite, andalusite, cordierite. 

May be corroded. pynte , less commonly biotite, horn- 

blende, feldspars, quartz, magne- 
tite, tourmaline 

Groundmass . glass, felsite, basalt, or Groundmass slate, or schist 
even amygdaloid 

If the groundmass has flow structure or orientation, transgressed 
by crystal, it is a metacryst If the flow bends around a crystal, 
that is oriented in the direction of flow, the crystal is probably a 
phenocryst 

Quartzites may closely resemble felsites, especially if the quartz- 
ite is arkosic. Commonly the quartzite is a little harder, H = 7, 
whereas the felsite H = 6 There is considerable tendency for 
quartzite to be more vitreous in luster and felsite to be more dull 
Look for bedding in quartzite, in contrast to contorted flow layers, 
dikes and apophyses in felsite Most felsites have scattered grains 
of feldspar as phenocrysts, in contrast to small feldspars in a sand 
When dealing with complex metamorphic districts, the student 
must expect to find contradictory evidences, for a long series of 
events may have left in the rock a series of minerals and structures 
formed under a variety of different conditions 

Degrees and Intensities of Metamorphism 

Quite aside from the grade of metamorphism (page 231) we 
find that the amounts of change in original structures, textures, and 
mnerals are very different for different metamorphic rocks In 
general we may estimate that in regional metamorphism (which 
produces far the largest volume of metamorphic rocks) a very 
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large body of rocks may be slighdy changed at such moderate 
depths that erosion may later bring them to the surface; whereas, 
if rocks are to be largely changed from their original condition, 
they would have to be moved far from their conditions of original 
deposition and most of them would be so deeply buried that ex- 
posure at the surface would require long erosion We conclude 
that in exposed metamorphic rocks there are many which are 
slightly changed and only a few that are intensely changed. From 
this we may at times draw conclusions as to origin, and the follow- 
ing table may prove suggestive. 


Examples of Abundant Results of Metamorpbism 


Original rock 

Common slight 
metamorphism 

Extreme change 

Clay, Shale, Slate 

Granite 

Basalt 

Limestone 1 

Dolomite limestone j 

Phyllite, Biotite-schist 

Granite-gneiss ^ 

Propylite, Chlorite-schist 

Marble -< 

Gneiss 

fSencite-schist 
[ Mica-schist 
Hornblende-schist 
r Silicate-carbonate-rock 
Soapstone 
[Serpentine 


The most important point to note in the table is that biotite- 
schist is a common product of clays and not so common from 
Igneous rocks, and that chlorite-schist is more commonly derived 
from basic igneous rocks It should be noted also that the change 
from granite to gneiss and schist is largely a granulation, whereas 
the change from slate to schist is a recrystallization , but in each 
series the slight effects are more common and widely exposed than 
the extreme effects. 

The Compositions of Metamorphic Rocks 

The metamorphism of igneous rocks to gneisses and schists 
makes little change in composition except that water and less com- 
monly CO2 are added On the other hand, in the metamorphism 
of clays, water is lost, and in that of limestones CO2 is lost. In 
general a knowledge of these relatively slight changes from original 
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rocks gives the student sufi&cient information as to the composition 
of metamorphic rocks, if he has in mind the compositions of 
igneous and sedimentary rocks. 

In contact and hydrothermal metamorphism greater changes 
occur, but the rocks that are greatly changed are very local and of 
small volume 

The chemical reactions involved in replacement of one mineral 
by another were studied and reported in full detail by Van Hise 
but his estimates of volume changes are very uncertain. See Chap- 
ter XIII, Problem 12 (pages 271—2) 

It is perhaps noteworthy that some altered dolomite lime- 
stones lose most of their calcium, becoming hydrous magnesian 
silicates, serpentine, and talc rocks Also, that the talc with over 
60% silica can be formed by adding silica to (or leaching magnesia 
from) serpentine with less than 45% silica 

Density 

The density of metamoVphic rocks in the deep zone tends to 
become greater than that of an igneous rock, as for example when 
a basalt (3 00) becomes an eclogite (3 50). On the other hand, 
rocks metamorphosed at small depths are heavier than sediments 
but lighter than the igneous rocks most closely related to them 

The Origmal of a Metamorphic Rock 

In a large proportion of metamorphic rock study, it is more 
difficult to tell what the rock was originally than to name it in its 
present state The criteria of original rock are almost as difficult 
in schists as in weathered residues (page 126) 

The criteria of igneous or sedimentary origin are commonly 
the field relations The gradation of a metamorphic rock into a 
sediment or igneous rock is good evidence The preservation of 
original structures and textures is conclusive if they are clearly iden- 
tified. Ellipsoids, diabases, amygdaloids, transgressing dikes, or 
pegmatites indicate igneous originals , and bedding, fossils, pebbles, 
and ripple marks indicate sediments Phenocrysts are less definite 
signs of Igneous originals because porphyroblasts of the same min- 
erals may be added to sediments 
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The rocks commonly expected from clays, gramtes, and basalts 
are listed on page 251, and furnish very suggestive ideas of origin. 

Certain minerals and mineral proportions are almost equally 
significant. A rock almost wholly feldspar, or almost wholly 
olivine, IS probably of igneous origin, one almost wholly quartz, 
or calcite, or sillimanite, or garnet is probably of sedimentary 
origin. Graphite is mostly derived from a sediment The origin 
of a talc schist is estimated from its association — from dunite if 
chromite is associated, but from sediment if dolomite is associated 

The chemical criteria of sedimentary origin are ( i ) more mag- 
nesia than lime, (2) more potash than soda, (3) more ferric than 
ferrous oxide, (4) molecular ratio of alumina to the sum of soda, 
potash, and lime is greater than one, (5) silica in percentages 
greater than 80. These several criteria are dependable only in 
one way. If the characteristic ratios of sediments (page 193) 
are found in altered rocks, they indicate very strongly a deriva- 
tion from original sediments; if those characters are not found, 
and the analysis looks like that of an igneous rock, perhaps 
2/3 of the originals were igneous, but the rest were sediments 
which, either originally or by metamorphic alterations, have chem- 
ical ratios characteristic of igneous rocks This criterion of ig- 
neous origin IS so weak, therefore, that other evidences should be 
sought (see below) 

None of these criteria is wholly satisfactory because the dis- 
tinction of the two great classes, igneous and sedimentary, is not 
sharp The tuffs are gradational to tuffaceous sediments, and 
Igneous rocks may be half weathered to clay before metamorphism 
There is need of a good deal of discretion and judgment in the 
study of origin and interpretation of schists It is chiefly because 
the original cannot always be recognized that the metamorphic 
class of rocks was separated 

Economic Interest tn Metamorphic Rocks. — The economic 
features of metamorphic rocks are less important than those of 
sediments and igneous rocks As building materials quartzite, 
marble, serpentinite, and gneiss are harder and in several respects 
fully as good as the rocks before metamorphism, slates for roofing 
and other uses are of no value until considerably metamorphosed. 
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Common quartzite is more difficult to quarry and trim into blocks 
than sandstone, and many schists are too easily cleaved for use in 
buildings 

Certain minerals such as garnet for an abrasive, and talc, 
asbestos, corundum, magnesite, and graphite are derived chiefly 
from metamorphic rocks, and are products of metamorphic action 
Emery is an abrasive, a mixture of corundum and magnetite, with 
more or less silicate and secondary minerals. Some is of igneous 
origin but most emery occurs in aluminous schists or crystalline 
limestone. 

Among the ores, iron is mined largely from leached meta- 
morphic rocks, but few ore deposits are much improved by dynamic 
metamorphism. Contact metamorphic ores are important in a 
few places but make a small proportion of metallic ores in general 
Many veins of ore are associated with hydrothermally metamor- 
phosed rocks, so that this type of metamorphism acquires a good 
deal of economic interest. 



CHAPTER XIII 

CALCULATIONS IN ROCK STUDY 

The data of rock study range widely m accuracy from the 
crude estimates of mineral proportions in a hand specimen to the 
most detailed chemical and physical tests. Based on the data are 
a variety of calculations with which the student should be familiar. 
Dr. Arthur Holmes has compiled a large number of methods, with 
examples, in his book. Petrographic Methods and Calculations, 
published in 1921. 

If a problem depends on calculations from more or less in- 
accurate data, the student should be careful to know the limits 
of accuracy expected and keep track of the percentage of error 
through the calculation because wholly misleading conclusions might 
be reached if calculated values are used without attention to the 
probable errors^ 

Problem i — To estimate the approximate chemical analyses 
of Igneous rocks 

Method For each mineral put down as good an estimate of 
an analysis as available, commonly an average, or an analysis of 
that mineral from a similar rock Below these analyses make 
another table as follows each item in the analysis of mineral A is 
multiplied by the percentage (by weight) of mineral A in this 
rock. Similarly each item in the analysis of mineral B is multi- 
plied by the percentage of mineral B, and so on for each of the 
minerals When all are tabulated the figures in this second table 
are added to give the percentages of the several oxides in the rock 

The results may be very good when the proportions of min- 
erals and their compositions are closely determined, but even a 
rough estimate may have some value 

In Chapter III the phanerites of each clan were described as 
having certain average mineral percentages From these and the 

^ F F. Grout The Use of Calculations in Petrology Journal of Geol- 
ogy, volume 34, pages Sta-'SSS, 1926 
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mineral data of Chapter I, it is possible to estimate roughly the 
chemical analyses of the common rocks of each clan Making 
these estimates is so much easier than memorizing the range of 
analytical data that two examples are here given and the student 
should try a number of others to fix the method in mind 

(A) Given a granite with 40% orthoclase, 30% plagioclase, 
20% quartz, and 10% biotite (slightly less orthoclase than indi- 
cated on page 58), what is its approximate chemical analysis^ 
The analyses of minerals may be roughly estimated as a rule 
without great errors in the final figures Start with the data on 
pages 18 and 19 After recording the silica percentage charac- 
teristic of trisilicate, metasilicate or orthosihcate, the remainder of 
the mineral composition may be distributed among the other oxides 
known to be in that mineral. 


Calculation of Approximate Analysis of Granite 



S1O2 

AlA 

FeO 

FejOs 

MgO 

CaO 

Na20 

K2O 

H2O 

Orthoclase 

Plagioclase * 

Quartz 

Biotite 

65 

55 

100 

45 

175 

22 5 

9 a- 

92 - 

9 a- 

92- 

II 25 

II 25 

17 s 

92- 

92- 


To make up the whole rock 


40% orthoclase adds 


7 00 






700 


30% plagioclase adds 

16 50 

675 








20% quartz adds 










10% biotite adds 

450 

92 

92 

92 

92 



92 

92 

Result 

67 00 

1467 

92 

92 

92 




92 


* Note that plagioclase is a mixture of two silicates, one of sodium and aluminum, and 
the other of calcium and aluminum, so that alumina is in double the amount of soda or lime 


The result differs from the average of granites on page 108 chiefly 
in having more potash and less soda Many granites do contain 
more sodic feldspar than this one, but a few are more potassic 
even than this It is true, however, that the method of distributing 
oxides other than silica in orthoclase assigns a little too much to 
potash — ^many of the “potash feldspars” have some soda (Fig 2) 
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(B) Given an average gabbro containing 6o% of plagioclase 
and 40% augite (see page 86) ; what is its approximate analysis? 
As compared with the analysis on page 107 this has too much 
silica and soda and not enough potash and water. That is partly 
because gabbros may contain some potash feldspar, none of which 
is included in the data of this problem. 


Calculation of Approximate Analysis of Gabbro 



S1O2 

AljOi 

FeO 

FejOs 

MgO 

CaO 

NaaO 

KsO 

HiO 

Plagioclase 

S 5 

11 50 




11 25 

11 aj 

+ 


Augite 

SS 

9 00 

900 

900 

900 

900 

+ 


+ 


To make up the whole rock 


60% plagioclase adds 

40% augite adds 

3300 

1200 

13 50 

360 

3 60 

360 

360 

675 

360 

675 

+ 

+ 

+ 

Total 

55 00 

17 10 

360 

3 60 

360 

1035 

675 

+ 

+ 


Both of these examples give approximations well within the 
range of analyses in any large compilation of analyses for the 
clans selected The method is useful, moreover, not only for 
averages given in the descriptions of clans, but even more for 
selected rocks the student may encounter In a particular hand 
specimen he may estimate the percentages of minerals and calculate 
the approximate analysts of that specimen 

Atomic and Molecular Proportions 

A general familiarity with chemical calculations serves many 
purposes in rock study , but many students have been assigned and 
actually made complex calculations according to rule, without any 
understanding of the process It is well to begin with a simple 
example and advance to the more complex ones 
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Problem 2 . — A chemist reports the composition of a sulphide 
as 47 i I per cent Fe and S3 zh i S What is the prob- 

able formula of the mineral i* The atomic weights are Fe = 
55 84, and 8 = 32.064. The errors in chemical data are about 
2 per cent of the amounts reported, so that the data need not be 
elaborated farther than to keep three significant figures. 

The algebraic rule is to let x be the number of atoms of sulphur 
for each iron atom. Then 

.iiiL = and x = i 96 ± 4 

32 o;f 53 d: I 

The arithmetical rule is more generally used divide the per- 
centage by the atomic weights, to get the atomic ratios. 

atoms of Fe combine with atoms of S 
55 8 32 o 

.84 atoms of Fe combine with i 65 ± 3 atoms of S 
The formula should be FeSj, pending more accurate chemical work. 

The next stage in the complexity of such calculations involves 
the common custom of reporting rock analyses in terms of oxides 
rather than elements. Instead of determining atomic ratios in a 
feldspar, for example, one estimates molecular ratios of KjO, 
AlzOs, S1O2 etc , as if feldspars were made up of oxides The 
fallacy of the idea should not mislead anyone, and the convenience 
of the method makes it widely used 

Problem 3. — Suppose a feldspar analysis is given in the usual 
form, stating percentages of oxides, what are the molecular pro- 
portions of the oxides in the feldspar? The rule is analogous to 
the preceding divide the percentage of each oxide by the molecular 
weight of that oxide (page 261 ) , and the quotients are proportional 
to the numbers of molecules present. Since the quotients are com- 
monly decimal fractions, it is customary to multiply each by 1,000 
to get whole numbers for discussion, the proportions not being 
changed by such increase Tables have been prepared to save the 
work of calculating (see problem 6) 

Problem 4. — To find how many constituent molecules enter 
into an isomorphous mineral 

Given the analyses and molecular ratios of the preceding prob- 
lem, how many molecules of each component are present, and what 
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percentage of each is present? For convenience the components 
calculated are the pure chemical compounds, and these are given 
mineral names, though no one should be misled mto thinking that 
the common specimens of natural minerals consist of a pure com- 
pound. The three main divisions of the process are: (i) calcu- 
lation of molecular proportions, as in the preceding problem; (2) 
assignment of the molecules to simple component minerals; and 
(3) calculation of the ratio between them, the proportion by 
weight can also be calculated 

It IS noteworthy that not only are the molecular ratios of 
oxides found in tables, but the last step in the process, that of cal- 
culating component minerals from their molecular ratios, is rapidly 
taken by the use of other tables (see problem 6) 

An olivine with a little augite impurity, analyzed by E. S Dana, 
gave the following * 



Analysis 

Molecular 

Ratio 

Augite 

Impunty 

Oil vine 

S102 

38 85% 

647 

1 

0 

597 

FeO 

a8 07% 

389 

— 012 

377 

MnO 

I 24% 

017 


.017 

MgO 

3062% 

765 

- 013 

752 

CaO 

I 43 % 

025 

— 025 


AI2O8 

Trace 





ICX> 21 


The remainder after deducting a little augite has the olivine 
latio 2RO S1O2 Disregarding manganese the olivine is approxi- 
mately one FejSi04 to two Mg>Si04 

Problem 5 — To find the molecular ratios of oxides in a 
rock Use the same method as outlined for ratios in a mineral 
(problem 3). The same tables save one from the detail of 
arithmetical work 

Problem 6 — To calculate the “standard” minerals (or norm) 
from an analysis This calculation and some others are complex, 
and perhaps better left for advanced courses, but a few references 
and comments are given for those who are prepared 

2 L V Pirsson Petrography of Tnpyramtd Mountain, American Jour- 
nal of Science, volume 31, page 4 i 7 > 1911* 
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For simplicity in calculation, Cross, Iddings, Pirsson and Wash- 
ington,* in 1903 suggested some simple “standard” or “normative” 
mmerals such that all ordinary constituents of igneous rocks could 
be calculated to these, and the proportions of such minerals and 
oxides were used to classify the rocks in a new system commonly 
known as the C I. P. W system from the initials of the names of 
the authors. The system of classification is not as much used as 
the calculation to a hypothetical mineral analysis — the “norm.” 

Tables for shortening the calculations are published in a num- 
ber of places besides in the original C I P. W report * 

It should be noted that in the norm and in most calculations 
the “molecules” chosen for albite and orthoclase are double the 
miner alogic formulas — Na*0 AlgO* 6S1O2 for albite and KjO 
AUO* 6SiOi for orthoclase 

While the calculations are much shortened by the use of tables, 
the tables are not really necessary. A slide rule and a short table 
of mineral analyses may serve.® 

Several other calculations, some with classification schemes and 
some with graphic representation of results, have been proposed 
Johannsen has compiled them in one volume, to which the student 
may refer.® 

Problem 7 — To calculate from an analysis, the amounts of 
actual known minerals in an igneous rock, the “mode ” A sim- 
plified example from the work of Pirsson^ will serve to show the 
method, the accuracy of which depends on the minerals and the 
estimates of their composition 

* W Cross, J P Iddings, L V Pirsson, and H S Washington Quanti- 
tative Clamficatton of Igneous Rocks 1903 

* A Johannsen /i Descriptive Petrography of the Igneous Rocks, Vol- 
ume I, 1931, pages 238-253 His method of calculation is simplest H S 
Washington Chemical Analyses of Igneous Rocks, U S Geological Survey, 
Professional Paper 99, pages 1151-1180, 1917 A Holmes Petrographic 
Methods and Calculations, 1921, pages 495—506 

® W J Mead Some Geologic Short-cuts, Economic Geology, volume 7, 
pp 136—144, 1912 J H Hance Use of the Slide Rule in Computation of 
Rock Analyses, Journal of Geology, volume 23, pages 560-568, 1915 

® Op cit , volume I, pages 68-158 

L V Pirsson : Petrography of the Igneous Rocks of the Little Belt 
Mountains, Montana. U. S. Geol, Survey, 20th Ann. Report III, pages 
466-7, 1900. 
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TABLE XI 


MqMtvLAR Weights 


Oxide 

Formula 

Molecular 

weight 

Silica 

SiO* 

60 

Alumina 

AI2O3 

102 

Feme oxide 

FegOj 

160 

Ferrous oxide 

FeO 

72 

Magnesia 

MgO 

40 

Lime 

CaO 

56 

Soda 

Na/) 

62 

Potash 

K2O 

94 

Titanium dioxide 

TiOa 

80 

Phosphoric oxide 

PiO. 

142 

Manganous oxide 

MnO 

71 

Carbon dioxide 

CO2 

44 

Sulphur tnoxide 

SO, 

80 

Mineral 

Formula 

Molecular 

weight 

Quartz 

SiO, 

60 

Orthoclase 

AI2O8 6S1O2 

556 

Albite 

NaoO AI2O, 6S1O2 

5^4 

Anorthite 

CaO AI2O3 2S1O2 

278 

Nepheline 

NaoO AI2O, 2S1O2 

284 

Leucite 

KiO \Wz 4S1O2 

436 

Wollastonite 

CaO S1O2 

116 

Enstatite 

MgO S1O2 

100 

Iron metasilicate 

FeO SiO‘> 

13^ 

Oh vine 

Forsterite 

aMgO S1O2 

140 

Fay all te 

aFeO S1O2 

204 

Magnetite 

FeO PciO, 

232 

Ilmenite 

FeO T1O3 

152 

Apatite 

9CaO 3^20® CaF, 

1008 

Biotite 

Mg extreme = phlogopite 

KMg,(AlSi,Oio)(OH)2 

417 

Fe extreme 

KFe,(AlSi,Oio)(OH)2 

512 

Muscovite 

KAl2(AlSi,Oio)(OH)2 

398 

Augite 

Complex, see page 15 

Variable 

Hornblende 

Complex, see page 15 

Variable 


* This mineral formula is double the imneralogieal formula 
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Minor constituents are here omitted, but the calculation is 
complex enough without them, since i||||s based on rough estimates 
for several isomorphous mixtures. Following the analysis are 
given the molecular ratios, found as in problems 3 and 5 The 
following minerals were observed in thin sections, and the com- 
positions used are simplified as shown. 


Orthoclase, KjO, Al^Os) 6S1O2 


Plagioclase 


Albite, Na_ 0 , A 1 , 0 „ 6S1O 
Anorthite, CaO, A^Oj, 2S1O, 


fMgO, SiO, 
Hornblende < CaO, SiO. 

[FeO, SiO, 


Magnetite, Fe.Oj, FcO 


Quartz, SiO 

From an inspection of these formulas, it is evident that all 
the K2O IS in the orthoclase, all the NajO is in the albite, all the 
remaining AljOg is in the anorthite and requires an equivalent 
number of molecules of CaO. The remaining CaO is in the horn- 
blende. All the MgO IS in the hornblende All the Fe^O, is m 
the magnetite and an equivalent number of molecules of FeO are 
required by it. The remainder of the FeO is in the hornblende 
The excess of SiOg then remains for the quartz 


Analysis 

Per Cent 

Mo- 

lecular 

Ratio 

Orth 

Albite 

Anorth 

Mag 

Hornbl 

S1O2 

64 64 

1077 

318 

426 

070 


06 1 

AlA 

16 ay 

159 

053 

071 

035 



FeA 

2 42 

015 




oi< 


FeO 

158 

022 




015 

007 

MgO 

I 27 

032 





032 

CaO 

2 65 

047 



035 


022 

NasO 

4 39 

071 


071 




K2O 

498 

053 

053 





Others 

I 90 








100 10 
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In order to turn these results into percentages of the minerals 
in the rock multiply the several molecular proportions by the re- 
spective molecular weights (page 261). 


Analysis m Mineral terms 


015 mol FeaO< Magnetite =« 348% 

CX57 mol FeSiOi • 91! 

03a mol MgSiO. = 3 ao ^Hornblende = 6 67% 

oaa mol CaSiOi =» a 55 J 
035 mol CaAljSi A Anorthite = 9 73% 

071 mol (NaAlSiA)! Albite ■» 37 ao% 

053 mol (KAlSiA)i Orthoclase = ag 47% 

aoa mol SiOj Quartz » 12 12 % 

Others as per analysis ^ i 90% 


»ooS7% 

In the actual performance of these calculations, it is not always 
possible to estimate the composition of the minerals as in this 
simplified example For example where biotite and orthoclase 
occur in a rock one cannot say how potash and alumina should be 
divided between them Where iron and magnesium occur in three 
or four minerals the difficulty is still greater Johannsen has shown 
by an example that calculation without knowledge of the actual 
minerals and some idea of their compositions may be misleading 
and not prove anything ® A rock supposed to have i8 52% nephe- 
lite, may have none at all Evidently the method should be used 
only with caution 

Other Problems 

Problem 8 — Many petrologists regard granite as a differ- 
entiation product of basaltic magma, and the problem is* How 
much average granite can be derived from average basalt without 
making the differentiated fractions abnormal^ 

The method is to take a definite bulk of basalt of average 
analysis and subtract average granite noting whether the residue 
is similar to any rock This involves “successive approximations ” 

It IS evident from a simple inspection of columns I and II of 
Table XII, that not over three parts of basalt are needed to supply 

® A Johannsen Op cit , volume II, page 252. 
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enough of each constituent so that one part of granite could be 
produced The calculation then is a basis for deductive reasoning. 
Assume that one part of granite is separated from three parts of 
basalt, and test, by calculation, the consequences, in other words, 
see if the residue, or the other differentiate, has such a composition 
as might be expected Column III is the result 

To judge whether column III is a reasonable composition it 
may be compared with any large compilation , but perhaps as good 
a test as any is a calculation of the “norm” (problem 6) The 
norm contains over lo per cent nepheline Since nephehne rocks 
are very much more rare than granites, it is unreasonable to assume 
that two parts of such nephehne rock are formed every time one 
part of granite is formed 

By supplying successively larger amounts of basalt until the 
removal of granite leaves a more likely rock, it is found that nine 
parts of basalt cannot furnish one part granite without producing 
a nephehne rock as residue, but ten parts of basalt will supply all 
the needed elements for granite and leave a residue that is not so 
peculiar as to create any doubt as to the probability of the process. 


TABLE XII 

Basalt and Granite Relations 



I 

Average 

Basalt 

11 

Average 

Granite 

III 

1/2 (3 Basalt 
— I Granite) 

IV 

1/8 (9 Basalt 
— I Granite) 

V 

1/9 (lo Basalt 
I Granite) 

SiOi 

49 06 

69 92 

3863 

46 45 

4674 

A1208 

1570 

1478 

16 16 

IS 82 

15 80 

Fe 203 

538 

I 62 

7 26 

585 

5 80 

PeO 

637 

I 67 

8 72 

696 

6 90 

MgO 

617 

97 

877 

682 

675 

CaO 

895 

215 

1235 

9 80 

970 

NaaO 


328 

302 

309 

309 

KoO 

I 52 

407 

25 

I 20 

I 24 

H2O 

I 62 

78 

2 04 

172 

I 71 

T1O2 

136 

39 

185 

I 48 

M 7 

PA 

45 

24 

55 

48 

47 

MnO 

Normative 

31 

13 

40 

33 

33 

nepheline 

none 

none 

II 50 

28 

none 
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In this case the residue is more like basalt than any other class of 
rocks. In other words, if granite is to be produced from basaltic 
magma, so little granite will be formed from so much basalt that 
the residue will be but slightly changed in character As a maxi- 
mum, one-tenth of an average basaltic magma may become granite 
Problem 9. — To discover and diagram the relations between 
various sets of data on rocks 

Method / • It IS simple to diagram the results on two coordi- 
nates and see whether or not a curve can be drawn that gives an 
approximation to the points. In this way W O George found a 
relation between the specific gravities of natural glasses and their 
silica contents (Fig 92) The average divergence of points from 
the curve indicates that the silica can usually be estimated within 
4 per cent 



Fig 92 — Curve relating specific gravity and silica content of natural glasses 

(After W O George ) 

Method 2 To diagram the differences in a senes of igneous 
rocks. The methods differ according to available data If the 
mineral proportions are known by measurement or by separations 
and weighings, a simple bar of definite length can be divided for 
each rock into a series of areas proportional to the amounts of 
the several minerals, not commonly too numerous, and a senes of 
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such bars shows the variety of rocks in the series (Fig. 40). The 
diagram is most instructive when the bars are arranged in order of 
field occurrence, but the data for this are not always available, and 
may not be easily shown in diagram 

More commonly data for the diagrams are chemical analyses 
An example of the most valuable plot is Fig. 41, showing the dif- 
ferences in composition from a center of an intrusive at Magnet 
Cove, Arkansas, outward to the margin ® Similar curves are shown 
by Broderick on the basis of distance of the specimens from the 
base of a thick lava flow 

Where such data about locations are not available or cannot 
be plotted simply, the data can still be plotted and studied with 
productive results, by using the silica content as a base line and 
other oxides for the second coordinate This is the most common 
of all kinds of “variation diagram.” Fenner has given diagrams 
for several districts (Fig 44), but they have been used and valued 
for many years (Fig. 43) 

Method 5* To diagram the grade size distribution of a me- 
chanical sediment or residue, two methods are in common use, the 
pyramid diagram or “histogram,” and the cumulative diagram 
The data needed are the weights of the several separates in a 
sieve analysis, or similar data from some other method of separa- 
tion of grade sizes (page 268) The student should be able to 
construct both kinds of diagram from a study of the following 
examples. It is recommended that the standard grade sizes be 
plotted horizontally, the preferred scale being proportional to the 
logarithmic values (Figs 93 and 94) 

The common laboratory method makes use of a series of sieves 
and the report states the weight or per cent caught by each sieve 
The “cumulative” data are derived from the weights of the sieve 
separates by adding to the weight of each successive separate, the 
sum of all those before In the table on page 268, for example, 
the cumulative value for 1 00-mesh is the sum of the 25 grams 

* H S Washington The Foyatte-Ijobte Senes of Magnet Cove Jour- 
nal of Geology, volume g, pp 645-651, 1901 

*®T M Broderick* Differentiation in Lavas of the Michigan Keweena- 
wan Bull of the Geological Society of America, volume 46, pages 514 
and 524, 1935, 
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PiQ ^3 — Cumulative curves of the mechanical composition of several sediments, on 
a semi -logarithmic scale GS is a glass sand MM is a foundry sand 


caught on the loo-mesh sieve and the 35, 15, 10, and 5 grams 
caught on coarser sieves, total 90 grams, or 90% of the original 
Thus the cumulative value indicates what would be caught if only 
the one sieve were used. 

In the cumulative curve the steeper parts indicate a considerable 
amount of a single size, and the horizontal parts indicate an absence 
of the grade corresponding to that part of the abscissa over which 
the horizontal part extends Tyrrell notes that different curves 
indicate grade size distributions favorable for different economic 
purposes; such a curve as G S is favorable for glass>sand, and 
M M for foundry sand (Fig 93). 

Data for Two Sands 

Grade si2e Sample G S Sample M M 

a— I mm — 

1-1/2 mm — 

1/2-1/4 mm 100 


1/4-1/8 mm H 

1/8-1/16 mm + 

1/16-1/32 mm ° 

1/32-1/64 mm * 

1/64-1/128 mm 3 

1/128-1/256 mm 9 


Below 1/256 mm 
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Much of the work done before students of sediments generally 
adopted the standard scale of grade sizes (page 152) is reported 
by the mesh of available sieves It is easily possible to transform 
the data to the standard For example, given the following 

Data from Screen Analysis Cumulative Percentages 


10 to 20 mesh 

5 grams 

5 

20 to 40 “ 

10 “ 

15 

40 to 60 ** 

15 “ 

30 

60 to 80 “ 

35 “ 

65 

80 to 100 “ 

25 “ 

90 

100 to 150 “ 

3 “ 

93 

150 to 200 “ 

5 " 

98 

Below 200 “ 

2 “ 

100 



Fig 94 — Cumulative curve of composition of a sediment, drawn from data on sieves 
at 20, 40, 60, 80, 100, 150 and 200-mesh From the curve, it is possible to esti- 
mate data for a standard analysis in fractions of millimeters 
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Plot on a logarithmic scale the sizes in millimeters of openmgs 
in the sieves used. Plot an ordinate at 20 mesh equal to the per 
cent of separate caught on 20-mesh sieve; plot at 40 mesh the 
“cumulative per cent” (what would be caught on 40-mesh sieve if 
no other sieves were used) , and so on for the finer sieves. Draw 
a curve through such points. Then locate points on the curve 
(crosses in Fig 94) which give the cumulative percentages on the 
approved millimeter scale, using as abscissas the division lines in 
the scale on page 152. In this particular problem the data become : 


2 to I mm 
I to i/a mm 
1/2 to 1/4 mm 
1/4 to 1/8 mm 
1/8 to 1/16 mm 
1/16 to 1/32 mm 


Point on 

Cumulative Curve 

35% 
n % 

ig % 

94 % 

99 +% 

100 % 


Estimated Standard 
Screen Analysis 

35% 

7 5 % 

18 % 

63 % 

7 % 
r % 


Note that the histogram based on common sieve mesh and 
that based on standard millimeter scale have notably different forms 



Flo 55 —Histograms of a sand on different scales (Compare the cumulative 

curve, Figure 94 ) 
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(Fig 95 )> though both give the same cumulative curve For 
all reports, whether histograms or curves, it is best to base the 
graphic presentation on the standard grade size distribution 

Problem io. — A mineral or rock with pore spaces has a 
“bulk specific gravity” or “apparent specific gravity” less than it 
would have if there was no pore space, or if the specific gravity 
determination was made on a powder with pores eliminated The 
relations are . 


Apparent specific gravity = (true specific gravity) 


X 


(lOO — % porosity) 
lOO 


True specific gravity = 
Per cent porosity = loo 


lOo (apparent specific gravity) 

(loo — % porosity) 

(True specific gravity) — (apparent specific gravity) 
True specific gravity 


Problem ii — The “sixth power law” stated on page 133 
needs mathematical expression in order to make it most service- 
able. Other things being equal, the size of pebble carried is a 
constant times the sixth power of the velocity of the stream, 
S = K{V)\ 

If now we consider two streams with different velocities F, and 
Vs, the sizes Si and Si are proportional to the sixth powers of the 
two velocities, and the constant drops out. 


^1 ^ KiViY Si _ {ViY 

Ss K{ViY Ss {Vsf 

(A) . Given a stream flowing 4 miles per hour rolling a quartz 
sphere i cubic millimeter, how large a quartz pebble will be rolled 
by a stream flowing 12 miles per hour 7 

S\ _ (V\Y I cu mm _ (4)^ _ (i)° _ i 
Si {ViY Si ~ {iiY (3P 729 

aS’ 2 = 729 cu mm (Answer) 

(B) . Given a stream flowing 6 miles per hour moving a cube % 
of a cubic inch, how fast a stream is needed to move a cube of 8 
cubic inches? 
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l/SC^a)* = 8(6)0 

(^2)* = 64(6)0 = (2)0 X (6)0. 

=* 2 X 6 = 12 m p. h. (Answer) 

The law may be stated in terms of dimensions instead of 
“sizes” (volumes or weights), for the sizes vary with the cubes 
of dimensions. In the last paragraph, for example, the size of the 
first pebble 5 , is a cube, the volume of which is cubic inch. This 
is a cube inch on each edge, and its volume S, is (J^)*. Simi- 
larly Sa IS (2)®. If the ratio (I>i)® to (Da)* is substituted for 
ratio Si to S2, we have . 


(DiY _ (^i)« 
(Da)» (^a)*’ 


from which 


Di _ 

Da (^a)® 


This formula serves when dimensions of the pebbles are given 
instead of volumes. 

Problem 12. — To calculate the volume change m the meta- 
morphism of minerals 

Van Hise gives the following rule and examples “ If the 
reaction is known in detail, the volume of the original compound 
IS to the volume of the compound produced directly as their molecu- 
lar weights and indirectly as their specific gravities 

(A) Suppose that limestone, zCaCOs, is replaced by dolomite, 
CaMg(COi)2, molecule for molecule. The molecular weight of 
aCaCOj is 200, and its specific gravity 271 The molecular 
weight of CaMg(C03)2 is 1843, and its specific gravity 284. 
The formula is 


Fr _ 200 2 84 _ ICO 

Fa 1843^271 88^ 

or the volume of dolomite is about 88 per cent of that of calcite 
Many dolomites may have 12 per cent of pore space 

The student should be warned, however, that the supposition 
stated in the problem is not based on any knowledge that dolomite 
is commonly formed by this reaction. Many replacements have 
material added and other materials removed without regard to 

C R Van Rise Treatise on Metamorphism U S. Geal Survey, 
Mon 47, p 209, 1904- 



272 CALCULATIONS IN ROCK STUDY 

the amount of any particular element that was available to begin 
with 

(B) Suppose calcite reacts with silica to form wollastomte, 
liberating CO* which escapes 

CaCOs "t" S1O2 = CaSiOj - 1 " CO* 

The molecular weights are respectively 100, 60, and 116. Their 
specific gravities are respectively 2.71, 2 65, and 2 85. 

100 , 60 

+ F, _ 2 71 2 65 _ 100 

~ 116 68 ’ 

285 

or the volume of wollastomte -is nearly 32 per cent less than that 
of calcite plus silica 

Barrell has shown that several such calculations are much 
modified by different assumptions as to the additions and losses of 
material 

Problem 13 — To calculate gains and losses in rock alteration, 
if analyses of the original and of the altered product are available 
The problem is commonly a difficult one and has been given thor- 
ough discussion by Doctor Lindgren The problem becomes defi- 
nite only when we know that the volume has remained constant, or 
when we know that some constituent remains constant 

Case i. Constant Constituent — It has been shown in a num- 
ber of examples of weathering that alumina was not appreciably 
dissolved A careful study of the effect of weathering on a 
granite gneiss from Morton, Minnesota, was made by Goldich 

Lindgren: Volume Changes tn Metamorphism Journal of Geol- 
ogy, volume 26, page 549, 1918 

J Barrell Relation of Subjacent Igneous Invasion to Regional Meta- 
morphism American Journal of Science, volume i, pages 179-180, 1921 

Lindgren Metasomatic Processes in Fissure Feins Trans Amer 
Inst. Mining Eng , volume 30, pages 579-692, 1900 

• Mineral Deposits 1913, Chapter XX 

” See, for example, remarks by C K Leith and W J Mead • Metamorphic 
Geology 1915, page 83 There may be exceptions to this generalization, 
chiefly where soils are wet and contain abundant humus. 
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Method This is shown by the following table, based on Gold- 


ich’s analyses, 
100 per cent 

Ignoring some minor 

constituents. 

and reduced to 

Fresh rock 
per cent 

Average of 6 
weathered 
samples 
per cent 

Grams per 100 
grams fresh 
rock assuming 
AUOs constant 

Losses and gains 
during weathenng 
of 100 grams 
gneiss assuming 
AlsOs constant 

S1O2 

71 50 

64 II 

4639 

— 25 II 

AlsOs 

I4 61 

20 19 

1461 

000 

FeoOa 

69 

272 

I 97 

-h I 28 

FeO 

1 64 

187 

135 

- 29 

MgO 

77 

41 

30 

“ 47 

CaO 

1 08 

10 

07 

— 201 

NajO 

3 84 

14 

10 

- 3 74 

KjO 

3 9 ^ 

2 56 

185 

— 2 07 

H2O+ 

30 

651 

471 

+ 441 

Others 


139 

I 01 

+ 36 


10000 

100 00 

7 » 36 

-2764 


The gains and losses in the last column may be further calcu- 
lated to percentages of the amounts originally present, if desired 
They seem to be very significant, however, in the form given 
Case 2. Constant Volume — If the change of volume during 
alteration is known (or known to be zero), the gains or losses per 
unit volume can be calculated. In metasomatic replacement, there 
IS commonly little or no change of volume,^^ and this kind of 
alteration is especially important near mineral veins 

Method When the volume can be assumed to have remained 
nearly constant, because of pseudomorphs, or structural features, 
the data required are the analyses of fresh and altered rock and 
their apparent (or “bulk”) specific gravities, or a porosity deter- 
mination and the true specific gravity of the solid (Problem ii) 
Calculate the weight in grams of each constituent in 100 c c of 
fresh rock, and then the same in altered rock. Comparison gives 

S S Goldich A Study in Rock-weathenng Journal of Geology, vol- 
ume 46, pages 17-58, 1938 ^ 1 I 

" W Lindgren The Nature of Replacement Economic Geology, vol- 
ume 7, pages S 2 i- 535 i especially page 529, 1912 
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the gams or losses per lOO c c , which may then be transformed 
into percentage of the original weight of the constituent 

Example Field studies at Bingham, Utah, show that a lime- 
stone was converted to lime-silicate rock, without change in thick- 
ness, and hence probably without change of volume The data 
and estimates are from Lindgren 



Analyses 

3W 

13 Altered 

Black White 

Yampa Yampa 

Limestone Limestone 

Grams per loo cc 
(BulkSp G X percent) 

13 3W 

Change 

in 

grams 

3-13 

S102 

28 90 

36 66 

75 33 

99 

+2439 

FeSa 

83 

187 

2 17 

509 

+ 292 

FeO 

1 49 

4 20 

389 

II 42 

+ 7S3 

AlaOs 

I 23 

2 69 

3 21 

7 3 ^ 

+ 4 II 

CaO 

36 11 

34 H 

9451 

92 86 

- 165 

MgO 

67 

286 

175 

778 

+ 603 

NaaO 

31 

33 

8r- 

90 

+ 09 

KaO 

35 

28 

91 

76 

- IS 

CO2 

28 56 

1735 

7454 

47 19 

-^7 35 

HaO-f- 

86 

5 ^ 

2 24 

I 41 

- 83 

HaO- 

04 

26 

10 

V 

+ 61 

C 

55 

— 

I 44 


“ I 44 

Sp Gr in bulk 

100 QO 

2 61 

loi 16 

272 

260 90 

27<; 16 

+ 1426 


The additions are large quantities of SiOj, FeO, MgO, and 
some AI2O3 and FeSj The chief constituent lost is CO^ 

Case 3. No Constant Assumed — Ransome in a study of 
progressive alteration used a “variation diagram” analogous to 
the diagram of igneous senes (Fig 41), with the curves drawn 
to the constituents as ordinates and to the distance from the vein 
as abscissas This is one of the most instructive forms of dia- 
gram The straight-line diagiam (page 129) is also instructive, 
in case no constant can be assumed 

W Lindgren Contact Metamorphism at Bingham, Utah Bulletin of 
the Geological Society of America, volume 35, pages 507-534, 1924 

F L Ransome Geology and Ore Deposits of the Breckenrtdge District, 
Colorado U S Geol Survey, Professional Paper 75, page 97 



CHAPTER XIV 
ROCK DESCRIPTIONS 

It cannot be expected that any scheme of nomenclature will 
take the place of all further description of rocks. Certainly there 
are many complex rocks that have such peculiarities in texture and 
minerals that the description of visible details proves rather 
lengthy. As a next step, therefore, after the distinction of the 
rock species and applying some prefixes indicating varietal char- 
acters (as for example in the well-logs, pages 203 to 205) the stu- 
dent should practice recording all the details visible by the eye and 
pocket lens, and the results of simple tests. A few samples se- 
lected from the literature^ are given with slight modification in 
the following pages. 

For commercial reports most of these might well be shortened, 
omitting the details that have no evident bearing on the problem, 
but stressing all that may have some bearing 

Sample Descriptions of Igneous Rocks 

I. The rhyolites near Helena, Montana, are light-colored porphyries car- 
rying phenocrysts of quartz and sanidine The quartz phenocrysts average 
one-tenth of an inch in length, and the sanidine phenocrysts are perhaps twice 
that size , together they make up between 10 and 20 per cent of the rock The 

^ Joseph Barrell Geology of the Marysville Mining District U S 
Geological Survey, Professional Paper No 57, page 14, 1907 

Adolph Knopf Ore Deposits of the Helena Mining Region, Montana 
U S Geological Survey, Bulletin 527, pages 22, 26, 29, 40, 1913 

G F Loughlin The Lithology of Connecticut Conn Geological & 
Nat Hist. Survey, Bulletin 13, Part II, pages 162-7, I75~6, and 197-8, 1910 

A J Tieje Suggestions as to the Description and Naming of Sedimentary 
Rocks Journal of Geology, volume 29, p 659, 1921 

A C Trowbridge Tertiary and Quaternary Rocks of the Lower Rio 
Grande Region, Texas U S Geological Survey, Bulletin 837, pages 61-2, 
75, 76, 126, 1932 

Samuel Weidman The Geology of North Central Wisconsin Wis 
Geological and Nat. Hist Survey, Bulletin 16, pages 19, 66 , and 246, 1907 
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groundmass of the rhyolites ranges from material of rough fracture to that of 
enamel-like appearance 

2 Stony Creek Granite, Branford, Connecticut This granite is a very 
uneven, coarse-grained, red rock The constituent minerals visible to the naked 
eye are red and white feldspar, quartz, a little biotite, magnetite, and pyrite 
The red feldspar is the potash variety (orthoclase or microcUne), which forms 
the largest crystals in the rock 

The white feldspar is less abundant than the orthoclase, and forms much 
smaller crystals If the white cleavage surfaces are studied with a lens, some 
of them will show a series of very fine parallel twinning lines or striations 
indicating plagioclase 

The quartz is typical, forming irregular, transparent, but rather dark and 
smoky-colored grains. Though a principal constituent of the rock, it is de- 
cidedly less abundant than the feldspar 

The biotite occurs in shiny flakes and crystals which may attain consider- 
able size The crystals usually show no definite outline, and seem to spread 
out into short streaky areas Some appear ragged, as if they had been partly 
eaten away and encroached upon by the feldspar and quartz 

The magnetite is scattered throughout the rock in rather small grains 
The pyrite probably occurs in every specimen, but is not abundant 
The relations of the different minerals to one another may be studied with 
a lens It will be seen that the magnetite and pyrite are usually enclosed by 
one or another of the other minerals, therefore they must have been the first 
minerals to crystallize from the molten mass, and the other minerals, forming 
later, crystallized around them The biotite is usually enclosed in feldspar or 
quartz, and includes, or is attached to, a grain of magnetite Biotite must, 
accordingly, have formed before the feldspar and quartz, but after the magne- 
tite The white soda feldspar is usually partially or completely enclosed in 
the red potash feldspar or in quartz, but the two latter minerals are very 
rarely, if ever, found enclosed in the white feldspar The white feldspar, 
then, must, as a whole, have crystallized before the red feldspar and quartz 
The red feldspar crystals show fairly definite boundaries, as though they had 
room to develop approximately a crystal outline, but the quartz grains are 
mostly very irregular, and appear to fill the chinks between the feldspar 
crystals These facts suggest that the quartz must have followed the potash 
feldspar in crystallizing, but small grains of quartz are also seen enclosed in 
feldspar, and must have crystallized before it In general, these two minerals 
crystallized almost simultaneously , but the greater part of the feldspar crystal- 
lized before the quartz, forcing the latter to fill the irregular interspaces 

3 The Belmont porphyry dikes of Bald Butte, Montana, hold conspicuous 
phenocrysts of plagioclase feldspar from one-eighth to one-fourth inch in 
diameter and small amounts of biotite and hornblende, the whole embedded in 
a dark-gray microcrystalline groundmass The rock when fresh is of striking 
appearance, the white feldspar standing in contrast to the dark gray ground- 
mass. The groundmass weathers to a light brown or gray, the feldspar pheno- 
crysts becoming inconspicuous, and the dark minerals being more or less 
destroyed. 
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4 Pegmatite The specimens were collected from a small vein one mile 
south of West Cornwall station, Conn. They show the feldspar and quartz 
in large crystals and in various amounts. The feldspar is easily distinguished 
by Its whiteness, semi-opacity, and perfect cleavage It generally forms well- 
defined, though not perfect, crystals The quartz occurs m large irregular 
glassy masses, and has a gray to smoky color As it was the last mineral to 
crystallize, it simply filled the interspaces among the other minerals and has 
no crystalline shape of its own 

The accessory minerals shown in all the specimens are muscovite and 
biotite A few specimens may show tourmaline and garnet, but these mmerals 
are not plentiful and are irregularly distributed The muscovite occurs in 
distinct crystals, its shiny cleavage surface forming the base of a rudely six- 
sided prism The biotite occurs m the same way, difEermg from muscovite 
only in color The tourmaline forms black columnar crystals, generally show- 
ing longitudinal lines or striae on its prismatic faces, and a shining irregular 
fracture somewhat resembling coal The garnet forms small red translucent 
grains which on close inspection are seen to be crystals with many faces 

5 'Nepheline syenite of north central Wisconsin The rock is fine to 
medium-grained and of grayish color The minerals readily observed in hand 
specimens are feldspar, nepheline, acmite, and, in some, amphibole and brown 
mica The most abundant mineral is the white or grayish feldspar, showing 
a tabular development, and parallel plates The nepheline is flesh-colored and 
vitreous The acmite is dark green and occurs in small to medium-sized 
crystals. The weathering and decomposition of the nepheline-bearing rock is 
a characteristic feature Wherever this rock has been exposed, it is pitted with 
numerous depressions, due to the weathering and removal of the nepheline. 
The pitted character of the weathered rock, its brittle character, and its 
vitreous grayish flesh-color, allow it to be easily recognized in the field 

6 The latite overlying the Boulder batholith, Montana, is characterized 
by the occurrence of plagioclase and biotite phenocrysts in a cryptocrystalline 
groundmass of acidic appearance Blue, red, and flint-gray are common colors 
Streakiness and flow banding are nearly universal 

7 Quartz monzonite The prevailing rock of the Boulder batholith, 
Montana, is a coarse granitoid rock composed in the order named essentially 
of plagioclase, orthoclase, quartz, biotite, and hornblende It is remarkably 
homogeneous in composition over a large area A widespread feature is 
a rough porphyritic habit due to the development of large imperfect phenocrysts 
of orthoclase 

8 The Preston, Connecticut, gabbro-diorite is a coarse to medium-grained 
lock, dark green in color Its visible components are plagioclase, pyroxene, 
hornblende, and magnetite It is somewhat difficult at first glance to distin- 
guish the different minerals, as both the feldspar and the fibrous hornblende 
are dark colored , but the former may be recognized by its dark purplish, and 
the latter by its dark green, color A lens is indispensable for the study of 
this rock Close examination shows the purple plagioclase feldspar in rectangu- 
lar or lath-shaped crystals. The albite twinning is strongly developed in many 
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crystals and can be seen even without the aid of a lens. When the feldspar 
undergoes weathering, the color is whitened by kaolinite 

If the specimen be rotated, light will now and then be reflected from a 
considerable surface, or from several parallel surfaces in one area These are 
the cleavage surfaces of large pyroxene crystals, ranging from less than an inch 
to two m^es or more in length Each one includes a number of small lath- 
shaped plagioclase crystals The feldspar, therefore, must have crystallized 
before the pyroxene The feldspar crystals are not arranged in any definite 
order in the pyroxene, but give it a mottled appearance, an ophitic texture 
Magnetite (or ilmenite) and pyrite form rather small grams, but these 
are larger and far more abundant than in granites 

Sample descnptions of sediments 

I. Micaceous, arenaceous shale, 2 feet above granite, at Burgess Ranger 
station. Willow Creek, Wyoming. Granular-fragmental, thin-bedded, green 
when fresh, sparsely speckled with glistening mica flakes and containing lenses 
of whitish-green sandstone, one inA long, on weathered surface bluish-black 
Hard, fracturing irregularly, fresh surface of dull luster, bedding planes slightly 
wavy and of sub-vitreous luster 

2 Sandstone below the unconformity in the Bigford formation as exposed 
on Concdlos Creek, Texas, next below the crossing of the Bigford-Apache 
ranch road. 

Bedding — Bedding planes irregular with bumpy relief of 5 millimeters , 
are not parallel and suggest ripple marks Fractures into irregularly rectangu- 
lar blocks 

Mineralogy and Lithology — Quartz, feldspar abundant, many altered 
grains, mica not abundant, heavy minerals in abundance, glauconite rare 
Size — This sandstone is made up chiefly of fine and very fine sand, but 
includes a considerable percentage of silt and clay 

Shape — All very angular Glauconite more angular than is usual in 
this mineral 

Cement — Held together by clay Sharp edges are maintained 
Pore Space — Uniform and filled with clay 
Color — Buff with slight greenish cast 
Fossils. — No Forammifera or other microfossils 

3 Limestone, from Bigford formation at old road a quarter of a mile 
east of northern house on Jones ranch, Texas 

Bedding — No bedding planes apparent Discontinuous slightly wavy 
lamination made evident by black or white lines Black due to manganese, 
white to lime Breaks with conchoidal fracture into thin chips 

Mineralogy and Lithology — Quartz, feldspar, 8 ^ per cent, more altered 
than fresh, muscovite, zircon, garnet, tourmaline Soluble in 185 per cent 
HCl, 63 5 per cent Some clay, but most of fine material is crystalline Par- 
ticles are embedded in fine matrix and are evenly spaced Manganese dendrites 
are common on surface of specimen Pyrolusite (MnOj) is the mineral It 
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Per Cent 
20 30 


IS soluble in HCl, hence is a part of the soluble percentage. Heavy minerals 
very scarce. 

Size. — The mechanical analysis of the residues after solution in acid 
resulted as shown in Figure 96 

Shape, — Quartz predominantly angular in all grades. The grade i/S-' 
1/16 mdlimeter has a few rounded grains (2 per cent by count of 200) This 
IS unusual, as material so fine is seldom rounded. Feldspar very angular; a 
larger proportion is fresh than in other samples 
examined Other minerals scarce and gen- 
erally in irregular fragments Material is 
scattered through matrix, and grains do not 
touch one another 

Porosity — Rock is fine-grained and 
compact. 

Cement Cement is CaCOg, Very 
firmly cemented Was certainly primary 

Color — Yellow-brown with streaks of 
black and white Yellow color due to iron. 

Burns to a dark brick red Residuum would Fio 
doubtless be red 



^5 — Mechanical analy- 
sis of solution residue 
of limestone of Bigford 
formation, Texas ( Af- 
ter Trowbridge ) 


4 Gypsum — Sample of white silky mate- 
rial in Cook Mountain formation on San 
Antonio road 5 j 4 niiles north of Laredo, Texas 

Bedding — Specimen is powdery and is finely divided for the most part. 
Some few fragments as aggregated fine material are 8 millimeters in diameter. 

No bedding is evident , , , 1. j .. 

Mineralogy and Lithology —Gypsum and anhydrite abundant, quartz, 

feldspar, mica, clay, iron oxide, and heavy minerals scarce 
Size and Shape. — In detail as follows 


Per 

Si/e (millimeters) cent 


2-1 

i-i/a 


1/4-1/8 

3/8-1/16 

1/16-1/32 
1/32-1/64 
Less than 1/64 


04 
2 6 
1 8 


3 ^ 

86 

134 
10 6 
594 


Pure gypsum 

Pure gypsum and aggregates of finer grams 
Pure gypsum and aggregates of fine grains, also rounded quartz 
grains This is notable, as rounded grains are rare, and these 
Le extremely large for Cook Mountain Some of the aggregates 
are tubular and suggest root tubes 

Chiefly sand, quartz, and feldspar Aggregates of finer matenal 
Chiefly sand Crystals of anhydrite abundant Rod-shaped 
crystals both clear and milky 

Fine material, gypsum, anhydrite, quartz, and clay aggregates 
Aggregates and quartz 
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In sieving this sample no attempt was made to break up aggregates, as 
both gypsum and anhydrite are soft and would be crushed 
Color — Cream-colored 
Fossils — None were seen 

This material seems to represent a bed or lens of anhydrite changed to 
gypsum after original precipitation 

5 Ferruginous Arkose-conglomerate, west of Hunt Mountain, Wyoming 
Granular-fragmental, pebbles ranging not above ^ inch Prevailing color 
where fresh, dark brown shot with gray, the pink feldspar sharply contrasting, 
from the dirty grays and whites of the weathered surface, pebbles stand out in 
relief. Fucoid markings on bedding planes one inch apart About 90 per 
cent of the pebbles quartz, faintly brownish-green, rounded to subangular, 
breaking with the matrix, feldspars pink, fresh cleavage fragments Matrix, 
90 per cent of the rock, sand, fine-grained, dull to earthy luster 

Sample descriptions of metamorphic rocks 

I Quartzite from Carrizo sandstone in bed of Neuces River, Texas, three- 
quarters of a mile below the Uvalde-La Pryor road crossing 

Bedding — Specimen indicates that formation is massive Slight hint of 
bedding in differential distribution of iron, but this may be due to other causes. 
Fractures across grains. 

Minerology and Lithology — Quartz angular for the most part , only a 
few rounded grains. Feldspar abundant (127 per cent), mostly orthoclase, 
fresh to weathered in about equal proportions. Other minerals in too small 
grains to be distinguishable Iron oxide plentiful as coating on each grain and 
as crack filling Infiltrated silica fills cracks and has to a slight extent recrystal- 
lized the quartz grains A fragment of quartzite was strongly heated for 10 
minutes in the blast-lamp flame and was immediately doused in water The 
cementing silica turned milky white showing clearly the relation of the infil- 
trated to the original material Another sample similarly heated and allowed 
to cool in air did not turn white on infiltrated material Cement insoluble in 
NaOH, hence it could not be opal Sample slightly calcareous 

Size and Shape — Grains 15 to 20 per cent rounded Angular but not 
as markedly so as the finer samples Prevailing size to i 4 millimeter 
Some grains, well rounded, with diameter of 2% millimeters were seen in 
hand specimen Very little fine material 

Packing and Pore Space — Rock originally had considerable pore space, 
but pores have been secondarily filled, so that rock is now very compact 
Color — Brown with lighter spots due to fracture of flakes 
Weathering — Weathered surface has hard black crust due to increased 
degree of oxidation of the iron This, no doubt, makes the formation very 
resistant 

2 The Quadrant quartzite in the Helena, Montana, area ranges in thick- 
ness from 190 to 5CX) feet The quartzite has a characteristic appearance that 
distinguishes it readily from the other quartzites of the area It is a light 
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gray rock of dense, almost cherty texture, and outcrops show typical rough 
hackly surfaces. As a rule the bedding is neither clearly nor positively recog- 
nizable. 

3 The prevailing character of the greenstone schists in Central Wisconsin 

is uniform, . . fine-grained, and mainly composed of feldspar, amphibole, 

mica, and quartz The weathered surface is greenish black, the fresh surface 
is very generally black On account of their fissility and the easy penetration 
of water into them, the greenstone schists are deeply weathered 

4 The Graywacke-schtst in Central Wisconsin is the mashed and schistose 
equivalent of the graywacke. Its most abundant constituents are granular 
quartz and mica It also contains some feldspar Facies of the schist along 
Rib River contain abundant crystals of staurolite, cordiente, and garnet 
Commonly the staurolite crystals are over an inch in diameter. On weathered 
surfaces of the schist, the staurolite and the cordiente, on account of their 
greater resistance, stand out above the other minerals having the appearance 
of angular and rounded fragments in the rock The garnet occurs in smaller 
crystals. The bedding planes were cut across at various angles by the secon- 
dary cleavage of the schists The original beds were thus very evidently folded. 

5 Maromas Gramte-gneiss, Benvenue Quarry, Middletown, Connecticut. 
The rock is a medium-grained, gray granite-gneiss The gneissic structure is 
very well developed, and the rock splits very easily along the foliation planes 
The chief minerals are feldspar, quartz, and biotite 

Unless carefully studied, the first two may be confused on account of their 
similar color and granular condition , but close inspection with a lens will show 
the feldspar cleavage surfaces, and the elongated, lenticular outline of the feld- 
spar grains affords evidence of considerable compression or mashing The 
quartz also is granulated, and has consequently lost much of its glassy luster , 
but glassy fragments of originally larger grams are abundant 

The biotite is spread in tiny flakes, or masses of flakes, along the foliation 
planes and around the feldspar and quartz lenses Magnetite and pyrite are 
the only other minerals The magnetite is masked by the biotite, and can be 
detected only by aid of a lens , the pyrite occurs in small grams, and is readily 
recognized by its brassy yellow color. 
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The student who reads widely about rocks may find many terms 
applied to them which are not defined in this text or named in the 
index These terms are used for varieties most of which cannot 
be distinguished without microscopic or chemical work. Many of 
the terms apply only to rocks of one locality, and many are needless 
Nevertheless if one finds the terms in the literature he may lose the 
meaning of the context if he cannot find the general nature of the 
clan or family that the term indicates The following list indicates 
very briefly the family to which rocks with such names belong, in 
terms which are defined in the text and listed in the index 


Absarokite, alkahc basalt 
Adamellite, quartz-monzonite 
Adinole, albite hornfels 
Agpaite, nepheline-syenite 
Ailsyte, granite or rhyolite 
Akente, syenite 
Alaskite, granite clan 
Albanite, alkahc basalt 
Albertite, asphalt rock 
Albitite, albite dionte 
Albitophyre, porphyntic albitite 
Alboianite, andesite 
Aleutite, porphyntic dolerite 
Algovite, gabbro clan 
Allalinite, altered gabbro 
Allivahte, troctolite 
Allochetite, phonolite-porphyry 
Alluvium, earth from streams 
Alnoite, melilite basalt 
Alphitite, rock-flour clay 
Alsbachite, granite-porphyry 
Ambonite, andesite 
Amherstite, monzonite 
Ampehte, carbonaceous shale 
Amphibololite, igneous amphibolite 
Anabohitsite, pyroxenite 
Analcimite, alkahc basalt 
Anamesite, coarse basalt, or fine dolerite 

283 


Anchorite, dionte 

Andendionte, augite quartz-diorite 

Andengranite, biotite hornblende granite 

Andesinite, dionte 

Ankaramite, augitite 

Ankaratrite, alkahc basalt 

Anthraconite, bituminous limestone 

Anthraxohte, bitumen 

Apachite, phonohte 

Aphrohth, aa 

Aplodiorite, light biotite granodionte 
Aplogranite, light micaceous granite 
Appinite, dark syenite, monzonite or 
dionte 

Arapahite, basalt 

Arenite, fragmental rock of sand size 
grains 

Anegite, pvroxenite 
Anzonite, silexite 
Arkite, porphyntic leucite rock 
Aschaffite, quartz-dionte 
Aspente, basalt 
Assyntite, sodahte syenite 
Astite, hornfels 

Atatschite, trachyte vitrophyre 
Ataxite, lava breccia 
Auganite, augite-andesite 
Augitophyre, basalt-porphyry 
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Australite, obsidian pebbles 
Avezacite, pyroxenite breccia 
Aviolite, hornfels 

Bahiaite, pyroxenite 
Banakite, latite-porphyry 
Banatite, quartz-diorite 
Bandaite, quartz basalt 
Banket, conglomerate 
Barolite, barite rock, etc 
Basaltite, olivine-free basalt 
Basanite, alkalic basalt 
Basanitoid, alkalic basalt 
Batukite, alkalic basalt 
Beerbachite, lamprophyre or hornfels 
Bekinkmite, nepheline rock of the gabbro 
group 

Belugite, dolerite 
Beresite, aplite 
Bergalite, alkalic basalt 
Bermudite, alkalic basalt 
Berondnte, nepheline diorite 
Beschtauite, rhyolite-porphyry 
Billitonite, glassy pebbles 
Birkremite, granite 
Blaes, carbonaceous shale 
Blairmorite, analcime trachite 
Blavierite, contact schist 
Blue ground, kimberlite 
Bojite, gabbro 
Bole, laterite 
Boninite, andesite 
Borolanite, nepheline-syenite 
Bostonite, dike rock of syenite aplite, or 
trachyte 

Bowenite, serpentine rock 
Bowralite, syenite pegmatite 
Braccianite, alkalic basalt 
Bronzitite, pyroxenite 
Brownstone, brown sandstone 
Buchite, contact glass 
Buchnerite, peridotite 
Buchonite, alkalic basalt 
Buhrstone, porous cherty rock suitable for 
millstones 

Calc-aphamte, carbonated dolerite 
Calciphyre, silicate marble 
Campanite, alkalic basalt-porphyry 
Canadite, nepheline-syenite 
Canga, ferruginous-breccia 
Cantalite, pitchstone 


Carmeloite, andesite-basalt 
Cascadite, biotite lamprophyre 
Catawberite, talc-magnetite rock 
Catlmite, pipestone, red shale with rare 
clay minerals 
Cecilite, alkalic basalt 
Charnockite, hypersthene granite 
Chibinite, nepheline-syenite 
Chlorophyre, quartz-porphyrite 
Ciminite, latite-porphyry 
Cipolin, muscovite marble 
Collobrierite, grunerite-magnetite rock 
Comendite, rhyolite 
Congressite, nepheline-syenite 
Coppaelite, alkalic basalt-porphyry 
Cornubianite, hornfels 
Corsite, orbicular diorite 
Cortlandtite, hornblende peridotite 
Corundolite, emery 
Covite, nepheline-syenite 
Craigmontite, nepheline-syenite 
Crinanite, alkalic diabase 
Cromaltite, pyroxenite 
Cucalite, diabase 
Culm, carbonaceous shale 
Cumberlandite, magnetite-nch peridotite 
Cumbraite, basalt-porphyry 
Cuselite, augite porphynte 

Dahamite, rhyolite-porphyry 
Davamite, hornblendite 
Dellenite, quartz-1 atite 
Dermolith, pahoehoe 
Desmosite, banded hornfels 
Devonite, altered diabase-porphyry 
Diallagite, pyroxenite 
Diktyonite, migmatite 
Diluvium, glacial deposits 
Ditroite, sodalite nepheline-syenite 
Dolerine, talc-schist 
Domite, trachyte 
Dumalite, 1 atite 
Dungannonite, alkalic syenite 
Durbachite, dark syenite 

Edohte, hornfels 

Ehrwaldite, augitite 

Ekerite, granite 

Elaterite, bitumen 

Eluvium, residua] rocks 

Elvan, quartz-porphyry or granite 

Epidiabase, altered diabase 
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Epidiorite, altered diabase 
Brian, augite-schist 
Bspichellite, lamprophyre 
Bssexite, nephehne monzonite and related 
rocks 

Esterellite, porphyntic quartz-diorite 
Eucrite, gabbro 

Euktohte, alkalic basalt-porphyry 
Eulysite, pendotite 
Euphotide, altered gabbro 
Eurite, felsite 
Evergreenite, granite 

Fahlband, metamorphic ore band 
Farnsite, alkalic basalt 
Fasibitikite, granite 
Fasinite, nephehne pyroxenite 
Fergusite, leucite pyroxenite 
Ferricrete, ferruginous conglomerate 
Ferrolite, iron ore rocks 
Forellenstein, troctolite 
Fortunite, basalt vitrophyre 
Fourchite, a lamprophyre 
Foyaite, nepheline-syenite 
Freestone, sandstone 
Fruchtschiefer, spotted schist 
Fulgurites, tubes of glassy rocks formed 
from others by lightning strokes 

Gar6waite, pendotite-porphyry 

Garganite, lamprophyre 

Gauteite, latite-porphyry 

Ghizite, alkalic basalt 

Gibelite, trachyte 

Gilsonite, bitumen 

Giumarrite, limburgite 

Gladkaite, lamprophyre 

Gondite, altered manganese sediments 

Gossan, limonitic weathered ore 

Grahamite, asphalt 

Granitelle, granite 

Granitite, biotite granite 

Granolite, granitoid rock 

Granophyre, micrographic granite 

Griquaite, eclogite xenoliths 

Grorudite, granite-porphyry 

Gumbo, clay soil 

Hallefhnta, hornfels 
Hard-pan, boulder clay 
Harrisite, troctolite 
Harzburgite, pendotite 


Hatherlite, syenite 
Hawaiite, basalt 
Hedrumite, alkalic syenite 
Heptorite, lamprophyre 
Heronite, phonolite 
Heumite, phonolite 
Hirnandite, albitized basalt 
Holyokeite, albitized diabase 
Hornstone, chert 
Hudsonite, pendotite 
Hyalomelane, basalt-obsidian 
Hyperite, gabbro 
Hypersthenite, pyroxenite 
Hysterobase, diabase 

Ijolite, alkalic pyroxenite 
Ijussite, alkalic pyroxenite 
Ilmenitite, ore 
Imandnte, contact rock 
Impsonite, asphalt 
Infusorial earth, error for diatomite 
Inninmorite, basalt 
Invernite, granite-porphyry 
Isenite, nephehne latite 
Issite, feldspathic hornblendite 
Italite, granitoid leucite rock 

Jacupirangite, alkalic pyroxenite 
Jadeitite, metamorphic alkalic pyroxene 
rock 

Jet, black lignite 
Josefite, pendotite 
Jumillite, leucite phonolite 

Kaiwekite, trachyte-porphyrv 
Kakinte, intensely granulated rock 
Kakortokite, nephelme-syenite 
Karite, granite-porphyry 
Kassaite, alkalic basalt 
Katzenbuckelite, phonolite-porphj ry 
Kauaiite, dionte 
Kedabekite, gabbro 
Kentallenite, dark monzonite 
Kenyte, alkalic trachyte 
Keralite, hornfels 

Keratophyre, sodic latite, or quartz latite 

Kersantite, lamprophyre 

Khagiarite, rhyolite 

Kinzigite, coarse hornfeh 

Kodurite, spessartite syenite 

Koellite, alkalic basalt 

Kohalaite, andesite 

Koswite, pendotite 
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Krablite, rhyolite tuff 
Krageroite, rutile aplite 
Kulaite, alkalic basalt 
Kullaite, microclme-bearing diabase 
Kuskite, quartz-monzonite-porphyry 
Kvellite, syenite lamprophyre 
Kyhte, nepheline gabbro 
Kyschtymite, gabbro 

Laanilite, garnet pegmatite 
Labradite, anorthosite 
Lakarpite, sodic syenite 
Lassenite, glassy trachyte 
Lateritite, redeposited laterite 
Laugenite, dionte 
Laurdalite, nepheline-syenite 
Laurvikite, alkalic syenite 
Lavialitei altered basalt-porphyry 
Ledmorite, nepheline-syenite 
Leeuwfonteinite, alkalic syenite 
Leidleite, basalt vitrophyre 
Leopardite, quartz-porphyry 
Leptite, schists from rhyolite, etc 
Lestiwarite, syenite aplite 
Leucitite, alkalic basalt 
Leucitophyre, leucite-rich phonolite por- 
phyry 

Lherzite, hornblendite 
Lherzolite, peridotite 
Limurite, axinite contact rock 
Lindoite, trachyte dike rock 
Listwanite, dolomite contact rock 
Litchfieldite, albite nepheline-syenite 
Lithoidite, felsitic rhyolite 
Luciite, dionte 

Lugarite, nepheline pyroxenite-porphyry 
Lujaurite, nepheline-syenite 
Lundyite, alkalic trachyte-porphyry 
Luscladite, nepheline olivine-gabbro 
Lusitamte, alkalic syenite 
Lutite, sediment of very fine grain 
Luxullianite, tourmalinized granite 
Lydite = Lydian stone, silicified black 
shale 

Macedomte, alkalic basalt 
Madeirite, limburgite-porphyry 
Madupite, leucite augitite 
Maenaite, latite 
Mafraite, alkalic dionte 
Malchite, dike rock of quartz-diorite 
aplite 

Malignite, dark nepheline-syenite 


Manganolite, manganese oxide rocks 
Mangerite, monzonite 
Manjak, bitumen 
Marekamte, perlite 
Mareugite, hauynite dionte 
Mariupolite, nepheline-syenite 
Markfieldite, granophyre dionte 
Marloesite, andesite-porphyry 
Marosite, alkalic shonkinite 
Marscoite, granite-gabbro hybrid 
Masanite, quartz-monzonite-porphyry 
Masanophyre, quartz-monzonite-porphyry 
Melilitite, alkalic? basalt 
Metabasite, metamorphosed dolerite 
Metabolite, altered trachyte glass 
Metaxite, sandstone 
Miaskite, nepheline-syenite 
Micropegmatite, micrographic granite 
Microtinite, monzonite 
Miharaite, basalt-porphyry 
Mijakite, andesite or basalt-porphyry 
Miliolite, limestone 
Mimesite === mimosite, dolerite 
Mimophyre, hornfels with coarse feldspar 
Minverite, albitized diabase 
Missourite, leucite pyroxenite 
Moldauite == moldavite, glass pebbles 
Monchiquite, alkalic lamprophyre 
Mondhaldeite, andesite or alkalic basalt 
Monmouthite, nepheline-syenite 
Montrealite, nepheline dionte 
Mugearite, latite 
Muniongite, phonolite 
Murasakite, piedmontite schist 
Muscovadite = muscovado, hornfels 

Napoleomte, dionte 
Naujaite, nepheline-syenite 
Navite, dolerite porphyry 
Nelsonite, ilmenite-apatite rock 
Nephelinite, alkalic basalt 
Nevadite, granite-porphyry 
Newlandite, eclogite 
Nonesite, basalt-porphyry 
Nordmarkite, syenite 
Northfieldite, silexite 
Noseanite, alkalic basalt 

Obsidianites, glass pebbles 
Ocher, earth rich in ferric oxides 
Odinite, basalt-porphyry 
Oligoclasite, dionte 
Ohgosite, dionte anorthosite 
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Olivinite, peridotite 
Ollenite, amphibole-schist 
Onkilomte, alkalic basalt 
Ooze, soft fine deep-sea deposit 
Opdalite, diorite 
Ophiolite, serpentine rock 
Orbite, gabbro or diorite-porphyry 
Ordanchite, alkalic basalt 
Orendite, leucite trachyte or syenite 
Ornoite, dionte 
Orthoclasite, trachyte 
Orthofelsite = orthophyre, trachyte-por- 
phyry 

Orthogneiss, gneiss from igneous original 

Orthophyre, trachyte porphyry 

Orthosite, syenite 

Ortlerite, porphyrite 

Ossipite, troctolite 

Ostraite, pyroxenite 

Ottajanite, alkalic basalt 

Ouachitite, lamprophyre 

Ouenite, gabbro 

Oxyphyre, leucophyre 

Ozocerite, natural wax 

Pacificite, basalt 
Paisanite, rhyolite-porphyry 
Palaeophyre, quartz-diorite-porphyry 
Palagonite, basalt glass 
Palatinite, dolerite 

Pantellerite, alkalic latite or quartz latite 
Paragneiss, gneiss from sediment 
Pelagite, manganese nodule 
Pele’s Hair and Tears, basalt glass frag- 
ments 

Pelite, fine sediments 
Pencatite, brucite marble 
Peperino, leucite tuff 
Perknite, group of pyroxenites and horn- 
blendites 

Petrosilex, felsite 
Phthanite, silicified shale, etc 
Picrite, peridotite (porphyry^) 

Pienaarite, nephelme-syenite 
Pilandite, syenite-porphyry 
Pmolite, carbonate slate or phyllite 
Piperno, trachyte 
Plagiaplite, dionte aplite 
Plagioclasite, anorthosite 
Plagiophyre, andesite-porphyry 
Plauenite, syenite 
Plumasite, corundum dionte 
Pollenite, alkalic trachyte 


Polzenite, melilite basalt 
Ponzite, tradijrte 
Porcellanite, fused shale 
Porphyroid, porphyroblastic homfels, or 
schist 

Prasmite, green schist 
Predazzite, peridase marble 
Proteolite, hornfels 
Proterobase, altered dolerite 
Protogine, gneiss 

Protomylonite, mylonite at intrusive con- 
tact 

Prowersite, lamprophyre 
Psammite, sandstone 
Psephite, conglomerate or breccia 
Pseudotachlyte, intrusive crush rock 
Puddingstone, conglomerate 
Puglianite, gabbro 
Pulaskite, nephelme-syenite 
Pyromeride, spherulitic rhyolite 
Pyroxenolite, pyroxenite 

Queluzite, garnet rock 

Raglanite, nephelme-syenite 
Rapakiwi, granite with orthoclase pheno- 
crysts mantled with oligoclase 
Regolith, weathered mantle 
Rhomben-porphyry, syenite-porphyry 
Rhyobasalt, quartz-latite 
Rizzonite, limburgite 
Rockallite, sodic granite 
Rock-flour, silt sized sediment 
Rodingite, garnet pyroxenite 
Rougemontite, gabbro 
Routivarite, quartz-monzonite 
Rouvillite, nepheline gabbro 
Rubble, coarse detritus 
Rudite, coarse sediments 

Saernaite, alkalic syenite-porphyry 
Sagvandite, pyroxene-carbonate rock 
Sanidinite, trachyte or syenite 
Santorinite, quartz gabbro 
Sanukite, andesite 
Sarnaite, alkalic syenite 
Saxonite, peridotite 
Schalstein, sheared basalt 
Schoenfelsite, basalt-porphyry 
Schriesheimite, peridotite 
Scyelite, peridotite 
Sebastianite, gabbro 
Seebenite, hornfels 
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Selagite, trachyte 

Shackamte, analcime syenite-porphyry 
Shastaite, dacite 
Shastalite, andesite glass 
Shonkinite, dark syenite 
Shoshonite, olivine trachydolerite 
Sideroinelane, basalt glass 
Silcrete, conglomerate with silica cement 
Sinaite, syenite 

Sismondinite, sismondine schist 
Skarn, silicate contact gangue 
Skleropelite, argillite 
SkomeritCi andesite 
Sodalitite, sodalite-rich syenite 
Soggendalite, diabase 
Solvsbergite, syenite 
Sommaite, alkahc monzonite 
Sondalite, hornfels 
Sordawalite, basalt glass selvage 
Sparagmite, sandstones 
Sperone, alkahc basalt 
Spessartite, lamprophyre 
Spilite, albitized basalt 
Spilosite, spotted contact slate 
Stronalite, gneiss 
Stubachite, pendotite 
Sudburite, basalt 
Suldenite, andesite 
Sussexite, alkahc basalt-porphyry 
Sviatonossite, syenite 
Syenodiorite, monzonite 
Syenogabbro, orthoclase gabbro 

Tactite, silicate contact rocks from lime- 
stone, as gangue of ores 
Tahitite, hauyne latite-porphyry 
Taimyrite, trachyte 
Tamaraite, lamprophyre 
Taraspite, dolomite limestone 
Taspinite, granite 
Taurite, rhyolite 

Tavolatite, alkahc basalt-porphyry 
Tawite, sodahte-nch syenite 
Taxite, apparently clastic lava 
Tectonite, recrystallized mylonite 
Tektites, glass pebbles 
Tephrite, alkahc basalt 
Teschenite, alkahc dolente 
Therahte, dark nephehne gabbro 
Tholeiite, ohvine-free basalt 
Tilaite, ohvine-gabbro 
Timazite, andesite 
Tinguaite, phonohte 


Tjositc, lamprophyre 
Toadstone, basalt 
Toelhte, porphyrite 
Toensbergite, syenite 
Tonahte, quartz-diorite 
Topsaihte, lamprophyre 
Torbanite, oil shale 
Tordnlhte, rhyolite-porphyry 
Toscanite, quartz-latite 
Tr achy andesite, latite 
Trachydolerite, trachyte-basalt 
Trap, any dark fine, igneous rocks 
Trass, pumice tuff 
Trondjemite, quartz-diorite 
Trowlesworthite, altered granite 
Tsingtauite, granite-porphyry 
Tuscuhte, alkahc basalt 

Umtaite, bitumen 
ITlnchite, phonohte-porphyry 
Ultra-mylomte, flinty crush rock 
Umptekite, alkahc syenite 
Unakite, granite 

Uncamp ahgrite, mehhte-rich pyroxenite 
Ungaite, dacite 

Urbainite, titanifeious iron segregation 
Urtite, light, granitoid, nephehne acmite 
rock 

Valbelhte, pendotite 
Vallevarite, monzonite 
Variohte, spheruhtic basalt glass 
Varnsingite, sodic syenite pegmatite 
Vaugnerite, quartz-monzonite 
Venanzite, alkahc basalt-porphyry 
Verite, lamprophyre 
Vesbite, alkahc basalt 
Vesuvite, alkahc basalt 
Vicoite, alkahc basalt 
Vinthte, quartz-porphyiite 
Viterbite, leucite trachvte-poiphyry 
Vitrophyre, porphyry with glassy ground- 
mass 

Vogesite, lamprophyre 
Volcanite, dacite 
Volhynite, lamprophyre 
Vulsinite, latite 

Webstente, pyroxenite 
Wehrlite, pendotite 
Weiselbergite, basalt 
Wennebergite, trachyte (porphyry) 
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Whmstone, dolente 
Wichtisite, basalt glass 
Wilsonite, rhyolite-andesite tuff 
Windsonte, quartz-monzonite 
Woodendite, basalt 
Wurtzilite, bitumen 

Wyommgite, phlogopite-leucite porphyry 


Yamaskite, pyroxenite 
Yatalite, pyroxenite pegmatite 
Yentnite, scapolite diorite 
Yogoite, syenite 

Zobtenite, gabbro gneiss 
Zwitter, greisen 
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Aa, 91 

Accessory minerals, 18 
Acidic, 13, 46 
Adobe, 156 

Age of rocks in classification, 22 
Agglomerate, 34 
Alkalic rocks, 49 
Allen, V T, 166 
Ailing, A L , 1 2 
Allogenic minerals, 143 
Alluvial rocks, 156 
Alteration gains and losses, 272-274 
of rocks, 1 25-133, 208 
Amphiboles reviewed, 15, 16 
Amphibole-magnetite rock, 239 
Amphibolite, 241 
Amygdaloid, 50, 90 
conglomerate, 92, 93 
Amygdaloidal structure, 37 
Analyses, see Chemical Composition 
proximate, of coal, 181 
Anamorphism, 213 

Andesite, distinction from basalt, 47, 
48, 94 

Andesite-diorite clan, 46, 78-83 
Anemoclastic, 152 
Anhydrite rock, 183 
Anogene, 28 
Anorthosite, 84, 87 
Anthracite, 180 
Aphanite defined, 31 
Aphte, 29, 32-33, 52 
Apobsidian, 102 
Apophyses, 28 
Aqueous rocks, 22 
Arenaceous, 151 
Argillaceous, 151 
Argillite, 156 
Arkose, 165 
Arkosite, 238 
Aschistic rocks, 29 
Ash, volcanic, 1 1 1 
Asphalt, 182 


Assimilation by magma, 37 
Association of minerals, igneous, 19 
sedimentary, 190 
Athy, L F , 192 
Augen gneiss, 60, 87, 162, 235 
Augitite, 46, 91, 97 
Authigenic minerals, 143 
Autoclastic breccias, 159 
Autometamorphism, 38 

Bailey, J P , 1 50 
Balk, Robert, 5, 6 
Barrel!, J , 190, 215, 272, 275 
Basalt, 46 

distinction from andesite, 47, 48, 94 
Basalt-gabbro clan, 46, 84-100 
Basic, 13, 46 

segregation, 40, 46 
Bastin, E S , 183 
Batholith, 27, 28 
Bauxite, 132, 157 
Becker, G F , 241 
Bedded rocks, 23 
Bedding, 137 
Belt of weathering, 226 
Bentonite, 155 

Berkey, Charles P , III, I\ , V 
Billings, M H , 199 
Binary granite, 52 
Bioclastic, 152 
Biogenic, 152 
Bituminous clay, 154 
coal, 179 

Black band iron ore, 174, 177, 188 

Black sand, 165 

Blackwelder, Eliot, 128 

Blasto-porphyritic schist, 228, 229 

Bog ores of iron, 177 

Bombs, III 

Bone coal, 18 1 

Bosses, 26 

Boulders, 152 

Bowen, N L , 38, 55 
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Breccia, distinctions, 195 
Igneous, 34, 90, no 
sedimentary, 152, 158, 159 
Brewer, C , 197 
Broderick, T M , 90, 117, 266 
Broegger diagrams, 42, 43 
Brown coal, 179 
Buddington, A F , 1 22 
Butler, B S , 248 

CIP.W. Classification, 41, 42, 260 
Calcareous, 151 
Calcrete, 172 
Caliche, 172, 184 

Calculation of isomorphous mixtures, 
258, 259 

Calculations in rock study, 255-274 
Camptomte, 79 
Cannel, 180 

Carbonaceous rocks, 151, 178-182 
Carbonate-silicate rocks, 240-242 
Case-hardened sandstone, 166 
Cataclastic breccia, 159 
Cellular basalt, 91 
lava, 37 

Cement rock, 174 
Cementation, 1 42-1 44 
Chalk, 171, 175 

Chemical composition of rocks, igne- 
ous, 4 I“ 43 > 105 
Igneous, calculated, 253-257 
metamorphic, 251-252 
sedimentary, 192, 193 
Chemical effects in metamorphism, 
210, 218 

elements of rocks, 9, 10 
sediments, 123, 128, 142, 182-188 
Chert, 1 7 5- 1 77, 184-186 
Chonoliths, 28 
Clark, S K , 204 
Clarke, F W, 109, 174, 178, 193 
Classification, of igneous rocks, 45, 46, 
47, a6o 

of metamorphic rocks, 222 
of rocks, basic principles, 21-23, 45 
of sediments, 151, 152 
Clastic rocks, 22, 123, 124 
Clay and shale, 153-158 


Clay ironstone, 188 
Clay minerals, 154 

Clays, mineral and textural varieties, 

155, 156 

Claystone, 156 
Cleavage of rocks, 223 
Clinton iron ore, 144, 174 
Cloos, Hans, 5 
Coagulation, 134 
Coal, 178-182 

anthracite, 180, 182 
bituminous (or soft), 179, 182 
cannel, 180 
grade of, 180 

lignite (or brown), 179, 182 
peat, 179, 182 
proximate analysis, 181 
rank of, 180 
Cobbles, 152 
Cognate fragments, 56 
Colloidal suspension, 134 
Colors of sediments, 192 
Columnar structure, 92, 93 
Comagmatic regions, 115 
Complementary igneous rocks, 29 
Composition of rocks, see Chemical 
compositions 
Concretionary clay, 155 
Concretions, 172, 189 
Conglomerate, 160-163 
amygdaloid, 92, 93 
Conglomerate gneiss, 234, 235 
Consanguinity of rocks, 115 
Contact metamorphism, 212-215, 219, 
220 

rocks, 243-247 

Contamination of magma, see Assimi- 
lation 

Correlation of sediments, 197-202 

Corrosion zones in limestone, 140 

Cox, G H , 201 

Cozzens, A B , 132 

Creep, 134 

Cross, W , 260 

Crystal forces in metamorphism, 210 
Crystalline rocks, 22 
Cumulative curve, 266-269 
Curly slate, 224 
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Cuttings, from wells, 148 
Cycles of sedimentation, IJ9, 140 
Cyclothems, 140 


Dacite, 46 

Dacite-quartz-dionte clan, 46, 75-78 
Dake, C L , 201 

Daly, R A , 37, 105, 106, 107, 108 
Daniels, J I , 204 
Davis, W M , 144 
Decomposition, 125, 128-132 
Decussate texture, 244 
Dendrites, 190 
Density, see Specific gravity 
Decomposition of sediments, 137-142 
Determination of igneous rocks, 49-51 
metamorphic rocks, 249 
sedimentary rocks, i 93 ~^ 9 S 
Deuteric effects, 38 
Devitrification, 62 
Diabase, 39, 81, 92, 98-100 
Diagenesis, 142-144 
Diagrams, of igneous series, 1 15-120 
rock features, 265-274 
Diaschistic rocks, 29 
Diastems, 140-141 

Diatomite (diatomaceous earth), 175, 
176 

Differentiation in igneous rocks, 40, 


41 

Dikes, 26 
Diorite, 46 

Diorite, distinction from gabhro, 47, 


48, 79 

Diorite-andesite clan, 46, 78-83 

Dip, 5, 6 

Disconformity, 140 
Disintegration, 125, 127, 128 
Distribution of igneous rocks, 44, 45 
sediments, 124 

Dolerite, 32, 79, 85, 92, 96, 100 
Dolomite limestone, i 44 > ^73 


marble, 239 
reaction, 144, 271 
Dreikanter, 136 
Dunite, 88 
Dykes, see Dikes 
Dynamic metamorphism, 212 


Earths, 152, 155, 175, 176 
Eckel, E B , 27 
Eclogite, 230, 236 

Economic interest, in igneous rocks, 
I 20-1 22 

metamorphic rocks, 253, 254 
sedimentary rocks, 195, 196 
Effective porosity, 191 
Effusive rocks, 28 
Ellipsoidal basalt, 92, 94 
Endomorphism, 213 
Epi-zone of metamorphism, 226, 227 
Eruptive rocks, 28 
Essential minerals, 18 
Eutaxitic structure, 61 
Exomorphism, 213 
Extrusive rocks, 28 

Fabnc, in textures, 31 
Faceted pebbles, 136 
Facies of metamorphism, 226 
Fanglomerate, 161 
Factors of metamorphism, 208-212 
Fault breccia, 158 
Feldspars, reviewed, 11-I4 
distinction of, 13 
Feldspathoids reviewed, 14 
Felsic minerals, 21, 42 
Felsite, 46, 62, 67, 73, 76, 91 
Felsitic texture, 31, 36 
Felsoph>re, 34 
Femic, 42 

Fenner, C N , 118, 219 
Ferruginous, 151 
chert, 177, 186, 188 
precipitates, 186— 188 
sediments, organic, 177 
Field methods, 4-95 i44"^50, 221 
Filter press action in magma, 38 
Flagstone, 163 
Flexible sandstone, 166 
Flint, I 75 “'I 77 > 184, 185 
Flint clay, 156 
Float, 201 
Flow cleavage, 223 
structure, 61, 86 
Flows of lava, 26 
Foliate, 222 
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Formations, sedimentary, 141, 202 
Fossils in rocks, 17 1, 201 
Fox, P P , 205 
Fracture cleavage, 22j 
Fragmental rocks, 22, 34, 123 
Friction breccia, 158 
Frosted grains, 136 
Fullers earth, 155, 156 
Fusibilities, 42, 44 

Gabbro, 46 

distinction from diorite, 47, 48, 79 
Gabbro-basalt clan, 46, 84-100 
Ganister, 164 
Gardescu, I 1 , 199 
Garnet rock, 241 
Gases in metamorphism, 21 1 
Generations of minerals, 40 
Geode, 189 
George, W O , 265 
Geosynclines of sediments, 139 
Geyserite, 176, 184 
Gilluly, James, 36 
Glacial till and tillite, 155 
Glasses, 1 00-103 

specific gravity and silica content, 
265 

Glassy texture, 31, 32 
Glomeroporphyry, 8i, 94 
Gneiss, 231-237 
augen, 60, 87, 235 
conglomerate, 234, 235 
lit-par-lit injection, 28, 233, 234, 236 
naming, 235 
primary, 233 
Gneissoid defined, 34 
Gneissoid rocks, 56, 66, 75, 79, 85, 234 
Goldich, S S , 129, 130, 273 
Goldman, M I , 9, 146, 147, 202, 206 
Goranson, R W , 44 
Gordon, C H , 235 
Gouge, 155 
Grabau, A W , 169 
Grade sizes, of fragments, 152 
distribution, 266 
Gram, see Sizes of grain 
Granite, 46 

derivation from basajt, 263-265 


gneissoid, 56 
mineralogy, 52-58 
orbicular, 55 
porphyritic, 34 
recomposed, 162 
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